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Abstract	  
	  
Plant	  cell	  walls	  compose	  of	  the	  largest	  source	  of	  saccharides	  on	  earth	  and	  have	  a	  potential	  use	  
for	   liquid	   fuels.	  Nevertheless,	  crystalline	  cellulose	  and	   lignin	  matrix	   impedes	  the	  deconstruction	  of	   the	  
plant	   cell	   wall	   by	   enzymes.	   Pretreatment	   are	   used	   to	   help	   facilitate	   enzymes	   access	   to	   plant	  
polysaccharides.	  In	  this	  work,	  a	  physical	  pretreatment	  strategy	  of	  electron	  beam	  irradiation	  is	  explored	  
as	  a	  method	  to	  potentially	  decrease	  cellulose	  crystallinity	  as	  well	  as	  degrade	  the	   lignin	  structure.	  Four	  
types	  of	  biomass:	  cellulose,	  pine,	  poplar,	  and	  switchgrass	  were	  irradiated	  with	  a	  12	  MeV	  electron	  beam	  
(Sterigenics,	   Inc.)	   at	   dosages	   of	   0,	   54,	   80,	   148	   and	   403	   kGy.	   By	   combining	   the	   result	   from	   the	   wet	  
chemical	   analysis	   of	   percent	   weight	   glucose/	   cellulose	   from	   the	   HPLC,	   percent	   crystallinity	   from	   the	  
Wide	  Angle	  X-­‐Ray	  Diffraction	  (WAXD)	  and	  the	  change	  of	  chemical	  functionality	  from	  Fourier	  Transform	  
Infrared	  Spectrometer	  (FTIR),	  a	  promising	  effect	  after	  the	  irradiation	  was	  found	  in	  pine	  and	  poplar	  but	  
not	   cellulose	   pulp	   and	   switchgrass.	   A	   significant	   increase	   in	   percent	   glucose	   is	   observed	   for	   pine	   at	  
higher	  doses	  (r	  =	  0.97,	  P<	  0.0076)	  which	  are	  9.4	  and	  27%	  at	  0	  and	  403	  kGy.	  A	  strong	  correlation	  between	  
decrease	   in	  percent	   crystallinity	  was	   found	   in	  poplar	   (r	  =	   -­‐0.89,	  P<	  0.05)	   from	  32.4%	   to	  17.4%	  and	  an	  
increase	   in	   percent	   glucose	   produced	   from	   30	   to	   55%	   comparing	   between	   0	   and	   403	   kGy.	   The	  
fingerprint	  of	  the	  change	  in	  numerous	  types	  of	  chemical	  functionalities	  as	  a	  result	  of	  the	  bombardment	  
was	   shown	   in	   the	   absorbance	   spectra	   of	   pine	   and	   softwood	   lignin.	   	   The	   oxidation	   of	   cellulose	   fiber	  
increases	  at	  higher	  dosages	  as	  seen	  from	  the	  darkening	  in	  color.	  Furthermore,	  different	  types	  of	  sample	  
preparations	  and	  imaging	  techniques	  were	  applied	  to	  the	  biomass	  specimen	  in	  order	  to	  investigate	  the	  
impact	   from	  electron	  beam	   irradiation	   to	   the	  anatomical	   structure	  at	   the	  micro	  and	  nano	   scale	   level.	  
The	  secondary	  electron	  image	  from	  the	  STEM	  at	  200	  keV	  helps	  provide	  the	  higher	  resolution,	  minimize	  
the	  charging	  effect	  and	  reduces	  the	  beam	  damage	  to	  the	  specimen	  when	  comparing	  with	  the	  SE	  imaging	  
at	  1	  keV	   from	  the	  Scanning	  Electron	  Microscope	   (SEM).	  Monte	  Carlo	   simulations	  were	  constructed	   to	  
help	   illustrate	   the	   interaction	   of	   electron	   beams	   and	   ion	   beams	   with	   biomass	   from	   different	   beam	  
energy	  in	  comparison	  with	  the	  result	  presented	  in	  the	  image.	  The	  ion	  beams	  from	  the	  FIB	  was	  found	  to	  
be	   able	   use	   as	   a	   selectable	   beam	   marker	   to	   plant	   cell	   walls	   of	   biomass	   materials	   in	   order	   to	   help	  
distinguish	  between	  the	  plant	  materials	  and	  the	  epoxy	  resin	  embedding	  medium.	  As	  a	  result,	  the	  insight	  
structure	   of	   switchgrass	   plant	   cell	   walls	   and	   its	   transport	   channels	   was	   revealed	   at	   nano-­‐scale	   level	  
under	  the	  STEM.	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Chapter	  1	  
Introduction	  
Nowadays	  energy	  is	  becoming	  the	  crucial	  issue	  among	  the	  countries	  worldwide	  as	  a	  result	  of	  the	  
uncertainty	  of	  supply	  from	  fossil	  fuel	  as	  well	  as	  the	  concern	  of	  climate	  change.	  The	  combustion	  energy	  
obtained	   solely	   from	   fossil	   fuels	   produce	   almost	   90	   percent	   of	   the	   total	   amount	   of	   greenhouse	   gas	  
emissions	   in	   the	  U.S.,	   and	   CO2	   is	   its	  major	   form	   [Vig	   et	   al.,	   2006].	   	   As	   a	   result,	   governments	   from	   all	  
nations	  have	  to	  take	  a	  serious	  look	  at	  their	  energy	  policies	  as	  stated	  by	  Wirth	  et	  al.,	  “The	  staleness	  of	  the	  
policy	  dialogue	  reflects	  a	  failure	  to	  recognize	  the	   importance	  of	  energy	  to	  the	   issues	   it	  affects:	  defense	  
and	   homeland	   security,	   the	   economy,	   and	   the	   environment.	  What	   is	   needed	   is	   a	   purposeful,	   strategic	  
energy	   policy,	   not	   a	   grab	   bag	   drawn	   from	   interest-­‐group	   wish	   lists.”	   In	   addition,	   some	   international	  
organizations,	   such	   as	   UN,	   FAO,	   IEA	   (International	   Energy	   Agency),	   also	   try	   to	   get	   involved	   into	   the	  
sustainable	  development	  of	  policies	  and	  their	  implementations	  in	  order	  to	  help	  secure	  global	  energy.	  	  
Solutions	   to	   global	   energy	   fall	   into	   three	  main	   categories:	  minimizing	   the	   dependence	   on	   oil,	  
producing	  more	  renewable	  energy	  and	  the	  campaign	  for	  energy	  efficiency.	  Nevertheless,	  biomass	  and	  
bioenergy	  is	  an	  alternative	  that	  has	  become	  one	  of	  the	  most	  important	  strategic	  plans	  to	  reduce	  the	  use	  
of	   fossil	   fuel	   on	   earth.	   The	   plant	   cell	  walls	   of	   biomass	   are	   the	   largest	   reservoir	   of	   carbon	   [Taiz	   et	   al.,	  
2006].	   However,	   in	   order	   to	   replace	   the	   consumption	   of	   gasoline,	   biofuels	   should	   become	   a	   more	  
competitive	   choice	   by	   reducing	   input	   energy,	   lower	   cost	   of	   production,	   be	   readily	   available	   for	  mass	  
scale	  production,	  and	  be	  environmentally	  friendly	  [Hill	  et	  al.,	  2006].	  
Biomass	   is	   the	   primary	   supply	   of	   nonfossil	   energy	   for	   human	   beings,	   and	   second	   to	   gasoline,	  
biomass	   is	   the	  most	   important	   source	  of	  energy	   currently	  used	   [Schiermeier	  et	  al.,	   2008].	  Henry	  Ford	  
stated	  in	  an	  interview	  with	  the	  New	  York	  Times	  in	  1925	  expressed	  his	  far-­‐sighted	  vision	  of	  the	  potential	  
utilization	  of	  biomasss	  as	  liquid	  fuels,	  “The	  fuel	  of	  the	  future	  is	  going	  to	  come	  from	  fruit	  like	  that	  sumach	  
out	  by	  the	  road,	  or	  from	  apples,	  weeds,	  sawdust—almost	  anything.	  There	  is	  fuel	  in	  every	  bit	  of	  vegetable	  
matter	  that	  can	  be	  fermented.	  There	  is	  enough	  alcohol	  in	  one	  year’s	  yield	  of	  an	  acre	  of	  potatoes	  to	  drive	  
the	   machinery	   necessary	   to	   cultivate	   the	   fields	   for	   a	   hundred	   years”	   [Kovarik,	   1998].	   In	   addition,	  
according	  to	  the	  calculations	  from	  the	  World	  Energy	  Council	   in	  2005,	  biomass	  generates	  more	  than	  40	  
gigawatts	  of	  electricity,	  which	  is	  higher	  than	  the	  utilization	  of	  wind,	  solar	  and	  other	  renewable	  resources	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for	  producing	  of	  energy	  [Schiermeier	  et	  al.,	  2008].	  Extraordinarily,	  biomass	  could	  potentially	  become	  the	  
number	  one	  renewable	  resource	  used	  for	  producing	  liquid	  fuel	  [Rubin,	  2008].	  	  	  	  
In	  order	  to	  obtain	  liquid	  fuel	  as	  a	  form	  of	  bioethanol,	  the	  process	  involves	  the	  inextricable	  link	  of	  
four	  factors	  that	  are	  biomass	  feedstock,	  pretreatment,	  saccharification,	  and	  fermentation	  technologies.	  
These	  factors	  make	  the	  production	  process	  of	  the	  biorefinery	   industry	  challenging	   in	  order	  to	   improve	  
the	   production	   efficiency	   and	   reduce	   its	   cost	   while	   the	   production	   technology	   is	   still	   in	   the	  
developmental	  stage	  [Himmel	  et	  al.,	  2005].	  For	  instance,	  according	  to	  Office	  of	  Biomass	  Programs	  from	  
National	   Renewable	   Energy	   Laboratory,	   the	   research	   and	   development	   of	   cellulase	   enzymes	   in	   the	  
industrial	  sector,	  has	  contributed	  to	  a	  twenty	  fold	  cost	  reduction	  [Himmel	  et	  al.,	  2005].	  Moreover,	  the	  
rough	  calculation	  of	  biorefineries	  has	  approximated	  the	  cost	  of	  feedstocks,	  pretreatments,	  and	  enzymes	  
to	   be	   at	   about	   50-­‐80,	   20,	   and	   15-­‐30	   cents	   per	   gallon,	   respectively	   [Chen	   et	   al.,	   2007].	   In	   the	   case	   of	  
antisense-­‐mediated	  down	  regulation	  of	  lignin	  biosysthesis	  of	  genetically	  modified	  plants	  as	  a	  feedstock,	  
this	  could	  help	  lower	  the	  cost	  of	  pretreatments	  about	  2-­‐3	  times	  [Chen	  et	  al.,	  2007].	  	  
Plant	   cell	   walls	   of	   biomass	   have	   a	   rigid	   cellular	   composite	   structure	   of	   a	   polysaccharride	  
reinforcing	  polymer	   in	  a	   lignin	  matrix.	  The	  cells	  are	  mainly	  composed	  of	  cellulose	   (30-­‐50%),	   lignin	   (15-­‐
25%)	   and	   other	   types	   of	   glucose	   polymers	   such	   as	   hemicelluloses	   and	   pectin.	   Since	   biomass	  
ultrastructure	   and	   its	   composition	   are	   extremely	   diverse	   and	   significantly	   impact	   the	   production	  
efficiency	  of	  bioethanol,	  biomass	  recalcitrance	  is	  the	  technical	  term	  that	  is	  commonly	  used	  to	  reflect	  the	  
difficulties	   in	   the	   saccharification	   process.	   The	   fundamental	   components	   and	   structures	   of	   biomass	  
themselves	  prevent	  the	  digestibility	  of	  enzyme	  and	  catalysis	  to	  convert	  cellulose	  into	  glucose.	  To	  put	  this	  
into	   perspective,	   when	   comparing	   between	   plant	   biomass	   and	   starch	   that	   give	   the	   same	   dilute	   acid	  
pretreatment	  condition,	  lignocellulosic	  biomass	  demands	  more	  than	  100	  times	  the	  enzymes	  as	  starch.	  	  
The	  illustration	  from	  the	  U.S.	  Department	  of	  Energy	  Genome’s	  Program	  Genome	  Management	  
Information	  System	  (GMIS)	  from	  Figure	  1.1	  in	  the	  Appendix	  of	  Chapter	  1	  represents	  the	  relationship	  of	  
biomass	  recalcitrance	  of	  plant	  cell	  walls	  to	  the	  production	  of	  biofuel.	  Cellulose	  located	  within	  plant	  cell	  
walls	   of	   biomass	   embed,	   incased,	   and	   coated	   by	   the	  matrix	   of	   lignin	   and	   hemicelluloses.	   The	   natural	  
chemical	   components	   and	   structures,	   adapted	   from	   Himmel	   et	   al.,	   [2005]	   which	   comprise	   biomass	  
recalcitrance,	  are	  as	  follows;	  	  
1. The	  wax	  covered	  surface	  of	  the	  grass	  family	  and	  the	  bark	  of	  the	  tree,	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2. The	   limited	   access	   of	   chemical	   catalysis	   to	   penetrate	   into	   the	  water	   transport	   channel	   of	  
plants’	  structure,	  
3. Several	   layers	   from	   the	   middle	   lamella,	   cell	   wall	   and	   cell	   membrane	   that	   prevent	   the	  
penetration	  of	  chemical	  substances,	  
4. The	  matrix	  of	  hemicelluloses	  and	   lignin	   that	  wrap,	   cover,	  and	  glue	   the	  bundle	  of	   cellulose	  
fibers	  that	  makes	  the	  accessibility	  and	  binding	  of	  enzymes	  to	  cellulose	  difficult,	  	  
5. The	  crystalline	  region	  of	  cellulose	  fibers	  have	  densely	  packed	  atoms	  and	  molecules,	  
6. The	  water	  insoluble	  surface	  of	  cellulose	  and	  hydrophobic	  surface	  of	  lignin,	  
	  
The	   harvest	   of	   glucose	   from	   cellulose	   fiber	   was	   done	   by	   the	   work	   in	   collaboration	   between	  
cellulase	   and	   cellobiase	   enzymes	   as	   shown	   by	   Figure	   1.2	   [GMIS,	   2009].	   Cellulase	   (brown)	   excise	   the	  
hydrogen	  bonds	  between	  each	  dense	  stack	  of	  cellulose	  polymer	  chains	  in	  the	  crystal	  lattice	  of	  cellulose	  
and	  then	  cut	  off	  each	  cellulose	  chain	  into	  two	  to	  four	  glucose	  molecules.	  Cellobiase	  (yellow)	  cleave	  the	  
glycosidic	  bond	  of	  cellobiose,	  the	  two	  conjugated	  glucose	  molecules,	  into	  the	  single	  glucose	  molecule.	  	  
In	  practice,	   the	  enzymatic	   reactions	  contain	  not	  only	  cellulose	  but	  also	  a	   lot	  other	  saccharides	  
and	  phenolic	  compounds	  from	  plant	  cell	  walls.	  The	  variation	  of	  their	  components	  could	  potentially	  occur	  
from	  different	  plant	  organs,	  different	  kinds	  of	  cells	  located	  on	  the	  same	  plant	  tissue,	  and	  even	  from	  the	  
individual	   cells	   [Knox,	   2008].	  Figure	  1.3	   from	  Sarkar	   et	   al.,	   helps	   illustrate	   the	   fundamental	  molecular	  
structure	   of	   five	   main	   categories	   of	   monomers	   as	   a	   small	   column	   on	   the	   left	   hand	   side,	   and	   the	  
combination	   of	   the	  monomer	   in	   order	   to	   form	   various	   kinds	   of	   polymers	   are	   at	   the	   right	   hand	   side.	  
Furthermore,	   the	  major	   differences	   that	   could	   potentially	   be	   classified	   among	   plant	   types	   which	   are	  
non-­‐grass	   angiosperm	   or	   dicotylenous	   plants,	   grasses	   or	   monocotylenous	   plants,	   and	   gymnosperms	  
such	  as	  softwood	  like	  pine	  as	  illustrated	  by	  Figure	  1.4.	  For	  instance,	  dicot	  plants,	  hardwood	  trees,	  such	  
as	  yellow	  poplar,	  their	  cell	  walls	  have	  higher	  hemicelluloses	  and	  lignin	  contents	  than	  grasses	  [Sarkar	  et	  
al.,	  2009].	  Meanwhile,	  gymnosperms	  have	  their	  own	  compositions	  almost	  identical	  to	  grasses	  excluding	  
the	   larger	   amount	   of	   glucomannans	   from	  hemicelluloses	   and	   the	   uniformity	   of	   lignin	   that	   are	  mainly	  
guaicyl	  units	  [Sarkar	  et	  al.,	  2009].	  The	  ratio	  of	  the	  thickness	  from	  each	  layer	  of	  primary	  and	  secondary	  as	  
well	   as	   the	   amount	   of	   chemical	   composition	   varied	   among	   plant	   types.	   For	   instance,	   pine	   or	  
gymnosperm	   plant	   has	   the	   thick	   layer	   of	   secondary	   wall	   that	   contains	   the	   high	   amount	   of	   lignin.	  
Moreover,	  the	  evolution	  of	  plant	  cell	  walls	  is	  presented	  in	  Figure	  1.5.	  All	  plants	  and	  fungi	  have	  cell	  walls	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along	  with	  most	  bacteria	  and	  algae	  [Sarkar	  et	  al.,	  2009].	  	  Plant	  cell	  walls	  develop	  for	  survival	  and	  control	  
of	  osmotic	  pressure	  varied	  among	  the	  advancement	  of	  evolution	  and	  cell	  compartmentalization	  [Sarkar	  
et	  al.,	  2009].	  	  	  
Besides	   the	   effect	   of	   feedstock	   composition	   to	   the	   saccharification	   processes,	   pretreatment	  
plays	   a	  major	   role	   to	  help	   facilitate	   enzymes	   gaining	   access	   to	   cellulose	   located	   in	  plant	   cell	  walls	   for	  
conversion	  to	  cellobiose	  then	  to	  glucose	  molecules,	  which	  ultimately	  are	  fermented	  into	  ethanol.	  There	  
are	  mainly	  three	  types	  of	  pretreatments,	  which	  are	  biological,	  physiological	  and	  chemical	  pretreatment	  
[Hu	   et	   al.,	   2008].	   Biological	   pretreatment	   with	   the	   search	   for	   microbial	   strains	   as	   well	   as	   the	  
improvement	  of	  metabolic	  engineering	  has	  been	  considerably	  improved;	  however,	  the	  application	  into	  
the	  biorefinery	  industry	  is	  still	  in	  the	  initial	  stage	  associated	  with	  the	  raising	  concern	  of	  horizontal	  gene	  
transfer	   from	   genetic	   engineering	   of	   microorganisms.	   Most	   of	   the	   research	   work	   focuses	   on	   the	  
enhancement	  of	  microbial	  digestion	  and	  fermentation	  activity	  rather	  than	  the	  application	  of	  engineering	  
microbes	  for	  as	  an	  alternative	  pretreatment	  strategy.	  
Regarding	  to	  physical	  pretreatments,	  these	  include	  size	  reduction,	  irradiation,	  hydrothermolysis,	  
steam	  explosion,	  and	  other	  mechanical	  techniques	  such	  as	  expansion	  and	  extrusion	  [Hu	  et	  al.,	  2008].	  For	  
instance,	  liquid	  hot	  water	  has	  reasonable	  cost,	  good	  to	  the	  environment,	  helps	  increase	  the	  accessibility,	  
and	   removes	   hemicelluloses	   but	   not	   lignin	   [Mosier	   et	   al.,	   2005].	   Moreover,	   although	   the	   chemical	  
pretreatments	   are	   the	   most	   widely	   used	   technique,	   increasingly,	   much	   effort	   has	   been	   made	   to	  
minimize	  the	  use	  of	  chemical	  pretreatments	  and	  seek	  environmentally	  friendly	  pretreatments	  that	  also	  
work	  effectively	  as	  well	  as	  having	  a	  potentially	   lower	  cost.	  Different	  types	  of	  pretreatments	  have	  both	  
advantages	  and	  disadvantages.	  The	  common	   thread	   is	   that,	   all	  of	   them	  have	   the	  goal	   to	  enhance	   the	  
accessibility	  for	  the	  enzyme	  to	  bind	  to	  the	  cellulose	  surface.	  The	  pretreatments	  have	  some	  differences	  
as	   to	   their	   interaction	   with	   hemicelluloses,	   lignin,	   and	   the	   change	   of	   crystalline	   region	   of	   cellulose	  
[Mosier	   et	   al.,	   2005].	   	   The	   matrix	   of	   hemicellulose	   and	   lignin	   covering	   the	   surface	   of	   cellulose	   fiber	  
makes	  it	  harder	  for	  enzyme	  to	  bind	  with	  cellulose,	  thus,	  lowers	  the	  conversion	  efficiency	  and	  becomes	  a	  
significant	  problem	  to	  the	  biorefinery	   industry	  [Bansal	  et	  al.,	  2009].	  Therefore,	  effective	  pre-­‐treatment	  
strategies	  are	  particularly	  in	  demand	  as	  the	  yield	  of	  cellulose	  hydrolysis	  is	  relatively	  low	  and	  becomes	  a	  
significant	  drawback	  of	  biorefinery	  industry	  [Zhang	  et	  al.,	  2007].	  	  
Electron	  beam	  technology	  has	  already	  been	  used	  worldwide	  and	  could	  be	  counted	  in	  the	  group	  
of	  physical	  pretreatments.	  It	  is	  successfully	  used	  as	  a	  pretreatment	  for	  the	  cellulose	  industry	  to	  produce	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viscose	  intermediates	  to	  create	  a	  wide	  range	  of	  products	  such	  as	  polymer	  thin	  film,	  fibers,	  cord,	  and	  so	  
on	   [Clough,	   2001].	   This	   technology	   is	   a	   potential	   alternative	   for	   the	   cellulose	  manufacturing	   industry.	  
Factories	  have	  been	  mandated	  to	  close	  because	  of	   the	  problem	  with	  chemical	  pretreatments	  that	  are	  
harmful	   to	   the	   environment	   [Clough,	   2001].	   Electron	   beam	   technology	   also	   has	   a	   wide	   range	   of	  
applications	  for	  the	  polymer	  industry.	  For	   instance,	  the	  cross-­‐linking	  of	  polymer	  chains	  for	  plastics	  and	  
rubbers	  are	   the	  biggest	   commercial	  use	   [Clough,	  2001].	  Electron	  beam	   irradiation	  could	  help	   improve	  
the	   properties	   of	   materials,	   such	   as	   the	   higher	   hardness	   and	   modulus,	   at	   the	   suitable	   dosages	   and	  
conditions	  [Clough,	  2001].	  
Furthermore,	  electron	  beam	  technology	   is	   currently	  used	   to	   sterilize	  medical	  apparatuses	  and	  
food	  and	  agricultural	  products.	  A	  dosage	  of	  50	  kGy	  is	  sufficient	  for	  sterilization	  in	  hospitals	  [Bouchard	  et	  
al.,	  2006].	  Another	  example	  of	  the	  application	  from	  electron	  beam	  technology	  is	  the	  sanitization	  of	  the	  
mail	   from	   the	  US	  Postal	   Service.	   In	  October	  2001,	   the	  US	  Postal	   Service	   faced	   the	  biological	  weapons	  
attacks	   from	  the	  anthrax	  spores	  placed	   in	   the	   letters	   resulting	   in	   the	  death	  of	  5	  people	  as	  well	  as	   the	  
illness	  of	  18	  others	  [Potter,	  2002].	  When	  the	  US	  Postal	  Service	  began	  to	  develop	  a	  strategic	  plan	  and	  find	  
the	  best	  alternative	   technology	   to	  approach	   into	   the	  problem,	  electron	  beam	   technology	  became	   the	  
best	   option.	   This	   was	   based	   on	   several	   criteria	   of	   judging,	   for	   instance,	   the	   low	   operational	   risk	  
especially	  when	  comparing	  with	  x-­‐ray	  and	  gamma	  ray,	   the	  reasonable	  cost	  and	  economic	  feasibility	   in	  
comparison	  to	  the	  other	  types	  of	  technologies.	  Since	  then,	  the	  US	  Postal	  Service	  has	  introduced	  electron	  
beam	   technology	   to	   decontaminate	   the	   problems	   of	   bioharzards	   associated	   with	   the	   mail.	   	   By	  
irradiation,	   the	  DNA	   of	   anthrax	   could	   be	   broken	   down;	   hence,	   the	   organisms	   are	   not	   able	   to	   survive	  
[Potter,	   2002].	   Although	   ultraviolet	   light,	   which	   is	   low	   energy	   non-­‐ionizing	   irradiation,	   could	   also	   be	  
safely	   used	   to	   clean	   up	   the	  mail,	   the	   penetration	   depth	   is	   not	   adequate	   for	   treatment	   in	   the	   postal	  
system	  [Potter,	  2002].	  Therefore,	  electron	  beam	  technology	  has	  been	  a	  success	  in	  order	  to	  prevent	  the	  
contamination	  from	  anthrax.	  Currently,	  the	  US	  Postal	  Service	  has	  eight	  electron	  beam	  devices	  to	  sanitize	  
mail	  in	  the	  eastern	  area	  of	  the	  US	  [Potter,	  2002].	  	  
Although	   it	   has	   long	   been	   known	   that	   an	   electron	   beam	   can	   cause	   radiation	   damage	   to	  
materials,	   the	   quantification	   of	   its	   impact	   into	   chemical	   components	   and	   the	   anatomical	   structure	   of	  
biomass	  have	  not	  yet	  been	  scrutinized	  in	  some	  aspects.	  The	  fundamental	  mechanisms	  of	  the	  interaction	  
when	  electrons	  react	  with	  the	  specimens	  are	  ionization,	  excitation,	  displacement	  of	  a	  nucleus,	  capture	  
via	   the	   nucleus	   of	   atoms	   and	   particle	   scattering	   [Charlesby,	   1960].	   Ionizing	   radiation	   occurs	  when	   an	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orbital	  electron	   is	   taken	  away	   from	  the	  nucleus	  and	  generates	  a	   free	  electron	   [Charlesby,	  1960].	   	  This	  
create	  a	  positively	  charge	  of	  atom	  and	  molecule	  with	  high	  energy	  [Charlesby,	  1960].	  	  Electron	  beam,	  X-­‐
Ray	   and	   Gamma	   radiation	   are	   categorized	   into	   the	   group	   of	   ionizing	   radiation;	   meanwhile,	   the	  
ultraviolet	   (UV)	   light	   and	  microwave	   is	   considered	   to	  be	   in	   the	   type	  of	   non-­‐ionizing	   radiation	   [Potter,	  
2002].	  Electrons	  can	  interact	  with	  materials	  in	  a	  numbers	  of	  ways	  with	  the	  two	  main	  modes	  being	  elastic	  
and	  inelastic	  scattering	  phenomenon	  [Joy,	  1995].	  	  For	  elastic	  scattering	  phenomenon,	  the	  beam	  energy	  
does	   not	   change	   [Joy,	   1995].	   In	   contrast,	   the	   inelastic	   scattering	   electron	   changes	   both	   direction	   and	  
beam	  energy	  and	  confers	  additional	  energy	  into	  the	  solid,	  interact	  with	  crystal	  lattices,	  and	  collapse	  the	  
valence	  electrons	  to	  produce	  secondary	  electron	  [Joy,	  1995].	  
Previous	  studies	  have	  found	  that	  electron	  beam	  irradiation	  can	  disrupt	  the	  lignin	  network	  in	  the	  
wood	   cell	   wall	   [Harper	   et	   al.,	   2007].	   In	   addition	   from	   recent	   work,	   the	   electron	   beam	   irradiation	   of	  
microcrystalline	  cellulose	  could	  significantly	  reduce	  the	  amount	  of	  crystallinity	  starting	  from	  87	  to	  76,	  65	  
and	   45%	   by	   radiation	   dosages	   of	   0,	   10,	   100	   and	   1,000	   kGy	   respectively	   [Driscoll	   et	   al.,	   2009].	  
Furthermore,	  the	  irradiation	  of	  cellulose	  causes	  depolymerization	  that	  ultimately	  confers	  a	  decrease	  in	  
the	  strength	  of	  paper;	  meanwhile	   the	  oxidation	  of	  cellulose	  could	   result	   in	  discoloration	   [Bouchard	  et	  
al.,	  2006].	  The	  carbonyl	  group	  (C=O)	  has	  a	  linear	  relationship	  with	  the	  higher	  dosages	  [Bouchard	  et	  al.,	  
2006].	  	  
Rational	  and	  Significant	  
“The	  gradual	  move	  away	  from	  oil	  has	  begun.	  Over	  the	  next	  15	  to	  20	  years	  we	  may	  see	  biofuels	  
providing	  a	  full	  25	  percent	  of	   the	  world’s	  energy	  needs.”—Alexander	  Miller,	  Assistant	  Director-­‐General	  
for	   Sustainable	   Development	   Department,	   FAO	   [Karlssons,	   2007].	   Biofuels	   is	   an	   alternative	   way	   of	  
producing	  renewable	  energy	  from	  biomass	  or	  organic	  matters	  that	  could	  potentially	  help	  minimize	  not	  
only	  the	  dependence	  on	  oil	  but	  also	  the	  gap	  between	  the	  rich	  and	  the	  poor.	  “Modern	  bioenergy	  can	  also	  
help	  meet	  the	  needs	  of	  the	  1.6	  billion	  people	  worldwide	  who	  lack	  access	  to	  electricity	  in	  their	  homes,	  and	  
the	  2.4	  billion	  who	  rely	  on	  straw,	  dung	  and	  other	  traditional	  biomass	  fuels	  to	  meet	  their	  energy	  need”—
Mats	  Karlsson,	  Chair	  UN-­‐Energy	  [Karlssons,	  2007].	  	  
Biomass	   is	   a	   class	   of	   extremely	   heterogenous	   materials	   as	   it	   contains	   various	   types	   of	  
polysaccharides	   and	   other	   biopolymers.	   Plant	   cell	   walls	   of	   biomass	   have	   different	   chemical	   and	  
structural	   compositions	   varied	   not	   only	   among	   plant	   species	   themselves	   but	   also	   varied	   during	   each	  
stage	   of	   plants’	   growth	   and	   development	   [Knox,	   2008].	   The	   differences	   in	   biomass	   properties	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significantly	  affect	  the	  biorefinery	  industry	  as	  it	  determines	  the	  effectiveness	  of	  the	  chemical	  reactions	  
and	  enzymes	  to	  get	  access	  to	  plant	  sugars;	  hence,	  the	  cost	  of	  production	  will	  be	  lower.	  	  [Himmel	  et	  al.,	  
2007].	  
As	  the	  major	  component	  of	  plant	  cell	  walls,	  cellulose	  is	  the	  most	  abundant	  biopolymer	  on	  earth.	  
Its	  macrofibril	  size	  is	  about	  15-­‐30	  nm	  and	  contains	  a	  bundle	  of	  2-­‐3	  nm	  microfibrils	  of	  36	  glucose	  chains	  
with	   two	   different	   packing	   regions	   that	   are	   crystalline	   and	   amorphous.	   These	   microfibrils	   are	  
sequentially	   wrapped	   with	   hydrophilic	   branchy	   polysaccharide	   and	   bonded	   with	   aromatic	   and	   a	  
somewhat	   hydrophobic	   compound	   of	   lignin	   [Ding,	   2007].	  Moreover,	   as	   a	   result	   of	   the	   insolubility	   of	  
cellulose,	  the	  core	  domains	  become	  hard	  to	  access	  by	  chemical	  pretreatments	  and	  enzymes	  [Bansal	  et	  
al.,	  2009].	  	  
Cellulose	   fibers	   located	   in	  plant	   cell	  walls	   become	  not	  only	   an	   important	   source	  of	   liquid	   fuel	  
production	   but	   also	   for	   paper	   and	   many	   other	   industries.	   However,	   in	   order	   to	   gain	   access	   to	   the	  
cellulose	  fiber,	  the	  root	  of	  the	  problem	  comes	  from	  the	  structure	  of	  plant	  cell	  walls	  themselves	  as	  the	  
hydrophobic	   surface	   of	   lignin	   covered	   cellulose	   fibers	   and	   the	   dense	   packing	   of	   crystalline	   region	   on	  
cellulose	   fibers	   itself	   minimizes	   the	   accessibility	   of	   chemical	   pretreatment	   and	   enzymatic	   conversion	  
[Himmel	  et	  al.,	  2005].	  Much	  effort	  has	  been	  made	  to	  break	  down	  the	  structure	  of	  cellulose	  into	  glucose	  
molecules	   to	   facilitate	   the	   production	   of	   liquid	   fuels.	   Nevertheless,	   the	   crystalline	   region	   of	   cellulose	  
fibers	   and	   the	   complexity	   of	   the	   lignin	   structure	   are	   the	   significant	   impediment	   to	   the	   digestion	   and	  
conversion	  of	  biomass	  into	  ethanol.	  The	  search	  and	  development	  for	  the	  novel	  pretreatment	  strategies	  
to	  overcome	   this	  problem	   is	   challenging	  and	  necessary	   in	  order	   to	  overcome	   the	  problem	  of	  biomass	  
recalcitrance.	  	  
Irradiation	   of	   cellulose	   could	   potentially	   excise	   the	   glycosidic	   bonds	   that	   link	   the	  monomeric	  
glucose	  molecules	   in	  cellulose	   fibers	   [Mee,	  1987].	  The	  OH	  could	  be	  able	  to	   ionize	  a	  hydrogen	  atom	  at	  
each	  C-­‐H	  bonds	  of	  cellobiose,	  a	  disaccharide	  that	  contain	  two	  molecules	  of	  glucose	  conjugated	  at	  the	  β	  
(1-­‐4)	  bond	  [Mee,	  1987].	  However,	   the	  excision	  of	  glycosidic	  bond	  occur	  only	  at	   the	  C-­‐1’,	  C-­‐4’	  and	  C-­‐5’	  
positions	  within	  the	  6	  carbon	  cyclic	  form	  of	  glucose	  molecule	  [Mee,	  1987].	  Therefore,	  the	  product	  of	  the	  
irradiation	   of	   cellulose	   would	   ultimately	   confer	   glucose	   [Mee,	   1987].	   	   Here	   we	   purpose	   the	   novel	  
pretreatment	   strategy	   employing	   electron	   beam	   irradiation,	   to	   disrupt	   the	   lignin	   and	   transform	   the	  
crystalline	   region	   of	   cellulose	   into	   amorphous	   sugars	   so	   as	   to	   make	   it	   become	   more	   accessible	   to	  
enzyme	  attack.	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Since	   the	  short	  distance	  among	  atoms	  and	  molecules	   that	   interact	  with	  each	  other	  occur	  at	  a	  
very	   high	   rate,	   the	   quantification	   of	   the	   high-­‐energy	   irradiation	   of	   liquids	   and	   solids	   are	   complex	  
[Charlesby,	  1960].	  The	  low	  beam	  energy	  could	  potentially	  lower	  the	  cost	  of	  production.	  Additionally,	  the	  
low	  voltage	  of	  electron	  beam	  which	  has	  been	  used	  within	  the	  microscope	  does	  not	  mean	  to	  confer	  less	  
radiation	  damage	  but	  turn	  out	  to	  destroy	  specimen	  more	  severely	  as	  it	  contains	  higher	  stopping	  power	  
[Joy,	  1996].	  The	  finding	  of	  the	  optimized	  beam	  energy	  at	  the	  low	  dosage	  of	  electron	  beams	  irradiation	  
that	   could	   potentially	   be	   disrupted	   the	   crystalline	   region	   of	   cellulose	   fiber	   as	   well	   as	   the	   matrix	   of	  
hemicelluloses	  and	  lignin	  that	  covers	  the	  surface	  of	  the	  cellulose	  fiber	  would	  be	  particularly	  of	  interest.	  
	  
Objectives	  
	   The	  grand	  scheme	  of	  this	  research	  is	  to	  study	  the	  effect	  electron	  beams	  have	  on	  plant	  cell	  walls	  
and	   the	  main	   components	   of	   biomass.	   The	   goal	   is	   to	   investigate	   if	   electron	   beam	   irradiation	   can	   be	  
optimized	  as	  a	  pretreatment	   for	   the	   conversion	  of	   cellulose.	   Still,	   irradiation	   is	  desirable	   for	  a	  host	  of	  
other	   applications	   involving	   plant	   materials	   such	   as	   post-­‐harvest	   transportation,	   composite	  
manufacture,	  and	  phytosanitation.	  It	  is	  important	  to	  understand	  the	  levels	  where	  damage	  may	  occur	  so	  
plant	   based	   materials	   will	   not	   be	   damaged	   in	   these	   applications.	   To	   accomplish	   these	   goals,	   the	  
following	  specific	  objectives	  will	  be	  investigated;	  
1. To	  understand	  and	  quantify	  the	  interaction	  between	  the	  electron	  beams	  at	  different	  energy	  
levels	  to	  biomass,	  
2. To	   study	   the	   impact	   to	   enzyme	   hydrolysis,	   chemical	   functionality	   and	   crystallinity	   of	  
cellulose	   and	   other	   plant	   cell	   wall	   components	   after	   pretreated	   with	   electron	   beam	  
irradiation.	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Figure	  1.1	  The	  hindrance	  of	  harvesting	  plant	  sugar	  from	  plant	  cell	  walls	  is	  the	  recalcitrance	  matrix	  of	  lignin	  and	  
hemicelluloses	  that	  prevent	  the	  accessibility	  of	  enzyme	  to	  bind	  with	  cellulose	  fiber	  and	  digest	  into	  glucose	  
[GMIS,	  2009]]	  
	   15	  
	  
	  
Figure	  1.2	  The	  operation	  of	  the	  free-­‐enzyme	  system	  of	  cellulose	  (brown)	  and	  cellobiase	  (yellow)	  in	  order	  to	  
digest	  cellulose	  into	  glucose	  molecules	  [GMIS,	  2009]	  
	   16	  
	  
	  
Figure	  1.3	  Chemical	  structures	  of	  plant	  cell	  walls	  compositions	  generated	  from	  the	  five	  main	  categories	  of	  
monomer	  on	  the	  small	  left	  hand	  side	  to	  the	  molecular	  complex	  structures	  of	  biopolymer	  	  [Sarkar	  et	  al.,	  2009]	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Figure	  1.4	  The	  compositions	  of	  plant	  cell	  walls	  among	  different	  plant	  kingdoms	  from	  the	  primary	  and	  secondary	  
walls	  layer	  [Sarkar	  et	  al.,	  2009]	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Figure	  1.5	  The	  variation	  of	  plant	  cell	  walls	  compositions	  presented	  within	  the	  evolutionary	  tree	  of	  all	  living	  
organisms	  [Sarkar	  et	  al.,	  2009]	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Chapter	  2	  
Imaging	  plant	  biomass	  materials:	  the	  interaction	  of	  electrons	  and	  the	  tunneling	  
of	  ions	  through	  plant	  transport	  channels	  	  	  
Abstract	  
Imaging	  heterogenous,	  anisotropic,	  and	  non-­‐conductive	  plant	  biomass	  materials	  using	  electron	  
microscopes	   is	   a	   challenging	   task.	   The	   study	   of	   how	   electrons	   and	   ions	   interact	   with	   biomass	   is	  
important	   as	   it	   aids	   in	   the	   interpretation	   of	   electron	   micrographs	   as	   well	   as	   assessing	   the	   radiation	  
damage	  of	  the	  beam	  to	  biomass	  specimens.	  	  Starting	  from	  the	  field	  emission	  gun	  of	  the	  electron	  or	  the	  
ion	  source	  on	  top	  of	  the	  column,	  electrons	  and	  ions	  travel	  within	  the	  ultra	  high	  vacuum,	  meet	  with	  the	  
specimen	   and	   then	   create	   millions	   of	   scattering	   phenomenon	   varied	   by	   the	   characteristic	   of	   the	  
specimen	  and	  the	  beam	  condition.	  The	  interaction	  becomes	  severe	  and	  the	  damage	  occurs	  when	  a	  state	  
of	  charge	  balance	  cannot	  be	  reached,	  especially	  for	  the	  non	  –	  conductive	  biomass	  surface.	  In	  this	  work,	  
we	   visualize	   the	   path	   of	   electrons	   as	   well	   as	   image	   different	   types	   of	   biomass	   materials	   at	   1	   keV	  
Scanning	  Electron	  Microscope	   (SEM),	  200	  keV	  Scanning	  Transmission	  Electron	  Microscope	   (STEM)	  and	  
30	  keV	  from	  the	  Focused	   Ion	  Beams	  (FIB)	  within	  an	  ultra	  high	  vacuum.	  The	  study	  found	  that	  different	  
material	  densities	  and	  beam	  energies	  could	  potentially	  confer	  different	   incident	  beam	  energies,	  which	  
ultimately	  impacts	  the	  image	  formation	  and	  the	  damage	  to	  the	  specimen	  surface.	  With	  the	  same	  type	  of	  
biomass	   materials,	   the	   image	   obtained	   from	   the	   200	   keV	   STEM	   provides	   higher	   resolution	   and	   less	  
damage	  when	  compared	  with	  the	  low	  voltage	  SEM.	  Moreover,	  by	  combining	  the	  result	  from	  the	  effect	  
of	   the	   bombardment	   from	   the	   ion	   beam	   to	   epoxy	   resin	   and	   STEM	   imaging,	   the	   characterization	   of	  
nutrient	  and	  water	  transport	  channels	  of	  switchgrass	  was	  revealed	  at	  the	  nano-­‐scale	  level.	  The	  ion	  beam	  
was	  found	  to	  selectively	  remove	  the	  epoxy	  resin	  embedding	  media	  out	  of	  the	  internode	  of	  switchgrass	  
stems.	  The	   ion-­‐beam	  can	  be	  used	  as	  a	  beam-­‐assisted	   selection	   tool	   in	  order	   to	  help	  differentiate	  and	  
selectively	   remove	   the	   Spurr	   epoxy	   resin	   embedding	   medium	   that	   covers	   and	   reinforces	   the	   porous	  
biomass	   specimen	   that	   was	   cut	   by	   ultramicrotome	   and	   located	   on	   the	   STEM	   grid.	   The	   remaining	  
biomass	   after	   the	   ion-­‐beam	   treatment	   reveals	   details	   of	   switchgrass	   plant	   cell	  walls	   and	   its	   transport	  
channels	  at	  nano-­‐scale	  level.	  	  
Introduction	  
“He	   sees	   the	   face	  and	   the	  moving	  hands,	  even	  hears	   it	   ticking.	   If	  he	   is	   ingenious	  he	  may	   form	  
some	  picture	  of	  mechanism,	  which	  could	  be	  responsible	  for	  all	  things	  he	  observes,	  but	  he	  may	  never	  be	  
quite	  sure	  his	  picture	  with	  the	  real	  mechanism	  and	  he	  cannot	  even	  imagine	  the	  possibility	  of	  the	  meaning	  
of	   such	   a	   comparison.”	   –	   A	  man	   explores	   a	   closed	  watch,	   the	  word	   given	   by	   Albert	   Einstein	   [Amrein,	  
2007]	  	  
Plant	  cellular	  architecture	   is	  highly	  organized	  and	  has	  evolved	  to	  survive	  severe	  environmental	  
conditions	   and	   to	  prevent	  biological	   attack.	   Their	   great	   adaptability	   is	   present	   in	   the	  evolution	  of	   the	  
plant	   cell	  wall’s	   ultrastrucuture	  as	  well	   as	   their	   food	  and	  water	   transport	   system.	   For	   instance,	   xylem	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could	   potentially	   enlarge	   the	   network	   capacity	   of	   a	   plant	   to	   more	   than	   30,000	   times	   from	   its	   initial	  
volume	   [Cosgrove,	   2005].	   The	   understandings	   of	   the	   organization	   of	   plant	   cell	   walls	   and	   how	   their	  
vascular	   system	   functions	   would	   be	   inconceivable	   without	   the	   studies	   of	   plants	   genomics	   and	  
proteomics	   expression	   related	   to	   plants’	   architectural	   structures.	   The	   exploration	   of	   a	   man	   to	   the	  
mechanism	  of	  a	  closed	  watch	  as	  stated	  by	  Einstein	  above	  emphasizes	  the	  importance	  of	  the	  relationship	  
between	  structures	  behind	  functions	  [Amrein,	  2007].	  Still,	  in	  order	  to	  investigate	  the	  biological	  structure	  
as	  well	  as	  answer	  scientific	  questions	  correctly,	   the	  knowledge	  of	   the	  application	  of	   the	  microscope	   is	  
required.	  Unlike	  other	  types	  of	  microscopes,	  an	  electron	  microscope	  generates	  an	  image	  pixel	  by	  pixel	  
from	  the	  interaction	  between	  the	  electron	  beam	  and	  the	  specimen.	  	  	  Without	  the	  real	  understanding	  of	  
the	  mechanism	  of	  how	  the	  beam	  of	  electrons	  and	  ions	  interact	  with	  the	  specimens,	  it	  could	  potentially	  
lead	  to	  erroneous	   interpretation	  of	  structure.	  Even	  though	  electron	  microscopes	  are	  heavily	  used	   in	  a	  
wide	   range	   of	   biological	   sciences,	   the	   study	   of	   electron	   beam	   interaction	   is	   primarily	   focusing	   on	   the	  
metals	  and	  semiconductor	  industries.	  	  
Increasingly,	   each	   individual	   component	   within	   the	   whole	   complex	   heterogeneous	   nature	   of	  
biomass	   is	   crucial	   to	   characterize	   at	   the	   nano	   –	   scale.	   Their	   multifaceted	   molecular	   structure	  
predominantly	  contains	  cellulose,	  the	  most	  abundant	  source	  of	  carbon	  on	  earth.	  Cellulose	  fiber	  locating	  
in	   plant	   cell	   walls	   is	   a	   glucose	   polymer	   that	   can	   be	   converted	   to	   bioethanol	   and	   utilized	   in	   many	  
industries.	   The	   gateway	   to	   harvest	   cellulose	   from	   biomass	   feedstock	   is	   through	   a	   complex	   lignin	   and	  
polysaccharide	  network.	  The	  key	   to	  unlocking	   this	  network	   is	   the	  characterization	  of	   the	   fundamental	  
structure	  [Sarkar	  et	  al.,	  2009].	  	  
Plant	  tissues	  are	  very	  porous,	  low	  density,	  and	  brittle	  materials.	  The	  porosity	  of	  plants’	  vascular	  
structure	   helps	   conduct	   minerals,	   food,	   and	   water	   and	   also	   facilitates	   the	   delivery	   of	   chemical	  
pretreatments	   and	   enzymes	   to	   cell	   walls	   to	   start	   to	   convert	   polysaccharides	   into	   mono	   sugars.	   The	  
water	   transport	   channels	   size	   varies	   by	   plant	   types	   and	   the	   size	   of	   the	   stem,	   which	   is	   similar	   to	  
comparing	  between	  the	  diameter	  of	  the	  tree	  and	  the	  grass	  stem.	  Figure	  2.1	  represents	  the	  cross-­‐section	  
of	  a	  switchgrass	  stem	  at	  microscopic	  resolution.	  The	  green	  chlorophyll	  at	  the	  edge	  of	  the	  outer	  surface	  
harvests	   sunlight	   to	   produce	   sugars	   through	   photosynthesis.	   The	   food	   transportation	   channels	   or	  
phloem	   also	   is	   in	   this	   green	   region	   and	   the	   small	   groups	   of	   the	   light	   blue	   region.	   Meanwhile,	   the	  
predominant	  area	  of	  the	  stem	  as	  seen	  in	  by	  the	  violet	  or	  deep	  blue	  area	  is	  used	  for	  water	  and	  nutrient	  
transportation.	   The	   auto-­‐fluorescence	  of	   the	  deep	  blue	   area	   contains	   larger	   amounts	  of	   lignin	   [GMIS,	  
2009].	  	  
Imaging	   biological	   and	   biopolymer	   materials	   is	   a	   difficult	   task.	   Three	   major	   problems	   are	  
because	   the	   cellular	   structure	   is	   fragile	   in	   nature	   when	   separated	   from	   the	   main	   stem,	   plant	  
components	  are	  hydrophilic,	  and	  they	  have	  very	  poor	  electrical	  conductivities.	  Thus,	  sample	  preparation	  
is	   critical.	   For	   SEM,	   dehydrating	   and	   coating	   the	   specimen	  with	   gold	   considerably	   helps	  minimize	   the	  
charging	  effect	  as	  well	  as	  minimize	   the	  damage	  of	   the	  beam	  to	   the	  specimen’s	   surface.	  However,	   the	  
difficulty	  of	  sample	  preparation	  for	  TEM	  and	  STEM	  is	  more	  than	  double	  when	  comparing	  with	  the	  SEM.	  
Plant	  materials	  have	  to	  be	  embedded	  in	  a	  matrix,	  such	  as	  epoxy	  resin,	  before	  being	  able	  to	  be	  cut	  into	  
thin	  section	  by	  an	  ultramicrotome.	  	  Furthermore,	  without	  the	  invention	  of	  the	  ultramicrotome	  around	  in	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the	  middle	  of	  the	  nineteen	  century,	  the	  characterization	  of	  cell	  biology	  at	  sub-­‐angstrom	  level	  would	  not	  
be	  possible	  [Scanga,	  1964].	  
The	  frontier	  of	  scientific	  research	  follows	  the	  advancement	  of	  instrumentation	  [Luo,	  1994].	  	  The	  
electron	  microscope	   is	   a	  powerful	   and	  widely	  used	   tool	   that	  has	   facilitated	  many	  discoveries	   and	  has	  
investigated	   materials	   at	   high	   spatial	   resolution	   for	   almost	   a	   century.	   A	   further	   advancement,	   the	  
focused	   ion	  beams	  (FIB)	  has	  recently	  been	  applied	   for	  preparing	  specimens	  that	  are	   less	   than	  100	  nm	  
thick	   for	   transmission	  electron	  microscopes	   (TEM)	  and	   the	  scanning	   transmission	  electron	  microscope	  
(STEM)	  by	  using	   the	   ion	  beam	   to	   spall	   atomic	   layers	   from	  a	   specimen’s	   surface.	   	   The	   final	   image	   is	   a	  
representation	   of	   the	   beam	   starting	   from	   the	   emission	   gun	   on	   top,	   the	   interaction	   of	   the	   beam	  
generated	  from	  the	  specimen	  and	  the	  collection	  of	  either	  transmitted,	  scattered,	  or	  reflected	  electrons	  
by	   the	   detector.	   The	   detector	   is	   a	   part	   of	   the	   machine	   that	   conducts	   the	   incident	   beam	   energy	   of	  
Secondary	  Electron	  (SE),	  Backscatter	  Electron	  (BSE),	  X-­‐rays	  from	  electrons	  that	  have	  interacted	  with	  the	  
specimen	  in	  order	  to	  form	  an	  image	  [Joy	  et	  al.,	  1996].	  The	  detector	  is	  one	  of	  the	  most	  important	  parts	  of	  
the	  microscope	  as	  it	  determines	  the	  signal-­‐to	  noise	  ratio	  (SNR)	  [Joy	  et	  al.,	  1996].	  
As	   stated	   by	   Lyman	   et	   al.,	   “The	   electron	   column	   is	   the	   business	   end	   of	   the	   SEM,	   where	   the	  
electron	   beam	   is	   created,	   focused	   to	   a	   small	   spot,	   and	   scanned	   across	   the	   specimen	   to	   generate	   the	  
signals	  that	  control	  the	  local	  density	  of	  the	  image	  on	  the	  viewing	  screen.”	  The	  journey	  of	  electron	  begins	  
at	   the	  electron	  gun	  on	   top	  of	   the	   column.	  The	   tip	   contains	  a	   tungsten	  wire	  with	  an	  applied	   field	   that	  
sequentially	  generates	   tunneling	  electrons	   to	  move	  on	   to	  an	  anode	  array	   [Goldstein	  et	  al.,	  2003].	  The	  
cathode	  then	  activates	  electrons	  up	  to	  the	  desired	  voltage	  to	  travel	  through	  the	  column	  to	  the	  specimen	  
[Lyman	   et	   al.,	   1990].	   Because	   electrons	   are	   only	   able	   to	   travel	   relatively	   short	   distance	   in	   the	   air,	   a	  
vacuum	   system	   is	   required	   for	   the	   operation	   of	   electron	  microscopes	   [Lyman	   et	   al.,	   1990].	   Electrons	  
travel	  in	  a	  vacuum	  of	  10-­‐5	  Pa	  for	  a	  distance	  of	  about	  50	  cm	  from	  the	  gun	  to	  the	  specimen	  [Goldstein	  et	  
al.,	  2003].	  	  
When	   the	  beam	  of	   electrons	   scans	   across	   the	   specimen,	   it	  will	   not	   only	   confer	   energy	   to	   the	  
specimen	  but	  also	  produce	  a	  complicated	  scattering	  phenomenon.	  Electrons	  interact	  with	  the	  specimen	  
and	   become	   an	   intense	   source	   of	   ionizing	   radiation.	   The	   consequence	   is	   mass	   loss,	   loss	   of	   light	  
elements,	   change	   in	   cracking,	   hole-­‐drilling	   caused	  by	   knock-­‐on	  damage,	   and	   the	  breaking	  of	   chemical	  
bonds	   in	  non	  –	   conductive	  polymers	   and	  biological	   specimens	   [Goldstein	   et	   al.,	   2003].	  Moreover,	   the	  
range	  equation	  or	  the	  penetration	  depth	  is	  directly	  related	  to	  the	  integral	  term	  of	  the	  stopping	  power	  
[Joy	  et	  al.,	  1996].	  	  The	  range	  approximates	  how	  far	  below	  the	  surface	  inelastic	  collisions	  occur.	  However,	  
for	   ions,	   the	  maximum	  energy	  deposition	  occurs	  at	   the	   surface	  and	  quickly	  diminishes.	  Consequently,	  
the	  approximate	  half	  the	  value	  from	  this	  equation	  would	  probably	  be	  an	  over	  estimated	  for	  ions.	  	  
€ 
R = 700I
1.66
ρ
,	   	   	   	   	   	   (2.1)	  
where	  R	  is	  the	  Range,	  I	  is	  the	  incident	  beam	  energy,	  and	  ρ	  is	  the	  density.	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Electron	   interactions	   fall	   into	   two	  main	  categories	   that	  are	  elastic	  and	   inelastic	   scattering.	  For	  
inelastic	  scattering	  of	  electrons,	  the	  change	  of	  the	  beam	  energy	  as	  well	  as	  its	  direction	  could	  occur.	  On	  
the	   other	   hand,	   the	   beam	   energy	   does	   not	   change	   for	   the	   elastic	   scattering	   effect.	   The	   inelastic	  
scattering	   of	   SE	   is	   approximately	   in	   the	   energy	   range	   of	   energy	   between	   5	   to	   50	   eV	   [Joy,	   2009].	   The	  
interactions	   could	   potentially	   become	   more	   complicated	   when	   the	   specimen	   is	   a	   heterogeneous	  
material	  like	  biomass.	  The	  interaction	  for	  both	  types	  of	  collisions	  could	  not	  only	  be	  used	  to	  generate	  an	  
image	  but	  also	  spall	  the	  surface	  of	  materials.	  It	  is	  important	  to	  study	  the	  interactions	  between	  the	  beam	  
and	   the	   specimen	   because	   the	   image	   formation	   and	   the	   results	   of	   X-­‐Ray	   microanalysis	   are	   directly	  
derived	   from	   the	   beam	   and	   the	   specimen	   interaction.	  Moreover,	   despite	   process	   from	  both	   electron	  
beams	  of	  electron	  microscopes	  and	  ion	  beams	  from	  the	  FIB	  being	  similar	  to	  generate	  an	  image	  from	  the	  
specimen,	  the	  particles	  have	  some	  very	  different	  physical	  properties.	  The	  interaction	  from	  ion	  is	  much	  
more	  complex	  than	  electrons	  [Ramachandra	  et	  al.,	  2009].	  For	  instance,	  ions	  move	  slower	  and	  demand	  a	  
more	   complex	   configuration	  and	  design	  of	   the	  machine	   to	   control	   their	   travel	   as	   they	  have	  a	  heavier	  
mass	  than	  an	  electron	  by	  approximately	  130,000	  times	  [YAO,	  2007].	  The	  ion	  stopping	  power	  (eV/	  Å),	  the	  
rate	   obtained	   from	   the	   particles	   while	   they	   travel	   and	   deposit	   the	   energy	   to	   the	   specimen,	   is	  
approximately	  130,000	  times	  higher	  than	  an	  electron.	  
With	   regard	   to	  electron	  stopping	  power,	  electrons	  confer	   their	  energy	   to	   the	  specimen	  at	   the	  
rate	  of	  about	  1	  eV/	  Å,	  while	  they	  travel	  and	  varied	  by	  different	  types	  of	  materials	  and	  beam	  energy.	  This	  
parameter	   relates	   to	   the	   intensity	   of	   radiation	   damage	   as	   a	   result	   of	   the	   energy	   deposited	   into	   the	  
specimen	   [Ramachandra	  et	   al.,	   2009].	   To	  put	   it	   into	  perspective,	   a	   rough	   calculation	   is	   that	   if	   given	  a	  
cube	  of	  pure	  carbon	  has	  the	  thickness	  of	  about	  1*1	  Å2,	  electron	  would	  approximately	  confer	  the	  energy	  
to	  the	  specimen	  at	  5*1023	  eV/g	  or	  105	  kGy	  (based	  on	  the	  rate	  of	  1	  eV/	  Å,	  carbon	  density	  ≈	  2	  g/cm3)	  (Joy	  
2010).	  As	  shown	  by	  the	  graph	  from	  Figure	  2.2,	  the	  stopping	  power	  falls	  down	  very	  rapidly	  as	  the	  energy	  
increases.	  The	  effect	  from	  the	  high	  stopping	  power	  could	  damage	  the	  specimen	  with	  an	  SEM	  at	  1	  keV	  
more	  than	  at	  200	  keV	  under	  the	  STEM.	  At	  low	  beam	  energy,	  the	  effect	  of	  high	  stopping	  power	  but	  low	  
range	  of	   carbon	  could	  ultimately	  damage	   the	   specimen	  as	   it	   focuses	  on	  a	   small	   area	  at	   shallow	  point	  
near	   the	   specimen	   surface	   [Joy	   et	   al.,	   1996].	   	   Therefore,	   besides	   the	   characteristics	   of	   the	   specimen	  
itself,	  beam	  energy	  is	  correlated	  with	  damage	  to	  the	  biomass	  specimens.	  Here	  we	  study	  the	  interaction	  
of	  imaging	  the	  individual	  components	  of	  biomass	  plant	  cell	  walls	  and	  a	  thin	  cross	  section	  of	  switchgrass	  
internode	  stem	  using	  Monte	  Carlo	  simulations,	  electron	  microscopy,	  and	  a	  focused	  ion	  beam	  in	  order	  to	  
help	  obtain	  a	  more	  complete	  understanding	  of	  the	  relationship	  between	  electron	  and	   ion	   interactions	  
and	  the	  different	  components	  of	  the	  plant	  cell	  walls.	  	  
Materials	  and	  Methods	  
Biomass	  specimen	  preparation	  
	   Cellulose	   from	   three	   different	   commercial	   sources,	   wood	   pulp	   from	   Buckeye,	   alpha	   cellulose	  
from	  Sigma-­‐Aldrich,	  and	  microcrystalline	  cellulose	  PH105	  from	  FMC	  Company,	  was	  obtained	  for	  analysis.	  
An	  alkali	  lignin	  sample	  was	  obtained	  from	  Sigma-­‐Aldich.	  Switchgrass	  internode	  specimen	  was	  prepared	  
by	   embedding	   in	   Spurr	   epoxy	   resin,	   then	   cut	   with	   the	   glass	   knife	   and	   put	   into	   the	   oyster	   grid	   from	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Electron	  Microscopy	  Sciences.	  Switchgrass	  thin	  section	  specimens	  were	  used	  for	  ion	  beam	  milling	  with	  
the	  FIB.	  	  Imaging	  with	  Electron	  Microscopes	  
Secondary	  electron	   (SE)	   images	  were	   taken	  by	  a	  Hitachi	  S4700	  SEM	  and	  a	  S-­‐3500	  VPSEM	  at	  a	  
voltage	  of	  1-­‐1.5	  keV	  of	  which	  most	  were	  coated	  with	  gold.	  Furthermore,	  for	  the	  specimen	  preparation	  of	  
the	   STEM	   the	   thin	   section	   of	   biomass	   that	   had	   already	   embedded	   in	   Spurr	   epoxy	   resin	   was	   cut	   an	  
ultramicrotome	  and	  placed	   inside	  of	  a	  3	  mm	   in	  diameter	  of	   the	  oyster	  grid	  with	   the	   thickness	  of	   less	  
than	  100	  micron	  size.	  The	  FIB	  was	  applied	  to	  the	  thin	  section	  and	  revealed	  the	  internal	  structure	  of	  the	  
specimen	  under	  the	  condition	  of	  2.4	  µA	  at	  30	  keV.	  Finally,	  the	  images	  were	  taken	  with	  a	  Hitachi	  STEM	  
HD2000	  at	  200	  keV	  using	  secondary	  electron	  (SE),	  Z-­‐Contrast	  (ZC)	  and	  transmission	  electron	  (TE)	  modes	  
of	  operation.	  For	  cellulose	  and	  lignin,	  their	  powder	  form	  was	  diluted	  with	  deionized	  water	  at	  the	  ratio	  of	  
1:1	  and	  dropped	  on	  top	  of	  a	  Lacey	  carbon	  type	  A	  300	  mesh	  grid	  from	  Ted	  Pella,	  Inc.	  Then,	  the	  grids	  were	  
left	  to	  dry	  on	  top	  of	  the	  filter	  paper	  for	  few	  minutes	  before	  insert	  the	  grid	  into	  the	  STEM	  rod.	  
The	  Monte	  Carlo	  Simulation	  
Monte	  Carlo	   Simulation	  was	  used	   to	   illustrate	  and	  quantify	   the	   trajectory	  of	   electrons	  among	  
different	  biomass	  materials	  with	  different	  beam	  energies.	   The	   ray-­‐tracing	   simulation	  DOCALC	  and	   the	  
Multi-­‐Carbon	  2009	  version	  were	  modified	  from	  the	  Monte	  Carlo	  Simulation	  developed	  by	  Dr.	  David	  Joy	  
[Joy,	  1995].	  The	  illustration	  of	  gallium	  ion	  trajectory	  from	  the	  FIB	  and	  the	  calculation	  of	  the	  Range,	  SE,	  
and	   BSE	   are	   directly	   obtained	   from	   ION	   induced	   SE	   Version	   2	   (IONiSE)	   simulation	   developed	   by	   Dr.	  
Ranjan	   Ramachandra	   and	   Dr.	   David	   Joy	   in	   2009	   [Ramachandra	   et	   al.,	   2009].	   The	   IONiSE	   contains	   a	  
complete	  set	  of	  elements	   from	  the	  periodic	   table	   [Ramachandra	  et	  al.,	  2009].	  On	  the	  other	  hand,	   the	  
Monte	  Carlo	  Simulation	  of	  electrons	  has	  carbon,	  some	  elements,	  and	  some	  types	  of	  materials	  that	  are	  
frequently	  used	   in	  nanofabrication.	   The	  approximate	  density	   (g/ml)	  of	   Spurr	  epoxy	   resin	   is	   1.08	  g/ml.	  
Furthermore,	  plant	   cell	  wall	  has	   the	  density	  of	  about	  1.5	  g/ml	   [Kellog	  et	  al.,	   1969].	   Elements	   that	  are	  
similar	  to	  epoxy	  resin	  and	  plant	  cell	  wall	  density	  are	  Na	  and	  Ca	  that	  have	  the	  density	  of	  about	  0.97	  and	  
1.54	   g/ml	   respectively	   [Goldstein	   et	   al.,	   2003].	   Consequently,	   for	   IONiSE	   simulation,	   Na	   and	   Ca	  were	  
applied	  to	  run	  the	  simulation	  in	  order	  to	  obtain	  the	  incident	  beam	  energy	  of	  epoxy	  resin	  and	  plant	  cell	  
wall	   density.	   Moreover,	   since	   the	   beam	   energy	   generally	   used	   for	   imaging	   biomass	   materials	   in	   this	  
study	   is	  1	  keV	  for	  the	  SEM	  and,	  200	  keV	  for	  the	  STEM,	  and	  30	  keV	  for	  the	  FIB,	  the	  simulation	  and	  the	  
calculations	  were	   based	   on	   these	   three	   levels	   of	   beam	   energy.	   	   ImageJ	   software	   from	  NIH	   (National	  
Institutes	  of	  Health)	  was	  used	  to	  construct	  Fast	  Fourier	  Transform	  (FFT)	  images.	  	  
Resulst	  and	  discussions	  
Imaging	  with	  electron	  microscopes	  and	  the	  interaction	  with	  electron	  beams	  
The	  Monte	  Carlo	  Simulation	  from	  Figure	  2.3	  (b)	  helps	  illustrate	  the	  interactions	  that	  occur	  while	  
electrons	   travel	   from	  the	  top	  of	   the	  column,	  meets	   the	  target	  materials	  on	  the	  specimen	  stage	  at	   the	  
base	  line,	  and	  interact	  within	  a	  finite	  volume.	  Figure	  2.3	  (b)	  help	  generate	  the	  understanding	  of	  how	  the	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scattering	   of	   electrons	   at	   the	   energy	   of	   1	   keV	   traveling	   within	   the	   electron	   microscope	   for	   10000	  
trajectories	   and	   interacts	   with	   the	   bulk	   target	   material	   of	   wood	   pulp	   cellulose	   fiber,	   which	   has	   the	  
density	  of	  0.6	  g/cm3	  from	  Figure	  2.3	  (a).	  The	  range	  or	  the	  penetration	  depth	  of	  the	  energy	  that	  electrons	  
could	  approximately	  deposit	   into	  the	  sample	  beneath	  the	  surface	  of	  wood	  pulp	  is	  130	  nm	  as	  shown	  in	  
image	  (b).	  
Figure	  2.4	  illustrates	  the	  journey	  of	  electrons	  for	  10000	  trajectories	  after	  they	  first	  meet	  with	  the	  
specimen,	  which	  is	  represented	  as	  the	  baseline	  on	  top	  of	  the	  image.	  The	  Monte	  Carlo	  Simulation	  of	  FSE	  
of	  electrons	  demonstrates	  the	  scattering	  pattern	   from	  the	  bulk	  material	  of	  carbon	  with	  the	  density	  of	  
2.3	  g/ml	  at	  1,	  30	  and	  200	  keV	  as	  seen	  by	  (a),	  (b)	  and	  (c)	  respectively.	  	  	   The	   trajectory	   that	   electrons	  
undertake	  within	  a	  point	  of	   limited	  volume	  scatters	  and	  ultimately	  confers	  a	   signal	   to	   the	  detector	   to	  
form	  the	  image.	  The	  size	  of	  the	  interaction	  volume	  depends	  on	  the	  beam	  energy,	  especially	  the	  energy	  
spread	  out	   into	   the	   large	  volume	  at	  200	  keV.	   	  At	  1	  keV,	   the	   interaction	  volume	   is	   confined	   to	  a	   small	  
intense	  point.	  The	  maximum	  energy	  deposition	   (MED)	   into	  each	  area	  within	   the	   interaction	  volume	   is	  
represented	  by	  the	  different	  percentages	   in	  colors,	   for	   instance,	  pink	  represent	  for	  the	  highest	  energy	  
which	  is	  more	  than	  30%.	  	   	  
Lignin	   is	  the	  complex	  phenolic	  compound	  that	  acts	  as	  a	  binder	   in	  the	  plant	  cell	  wall.	   	  Complex	  
and	   rigid	   aromatic	   rings	   form	   its	   chemical	   structure	  making	   it	  more	   resistant	   to	   the	   irradiation	  of	   the	  
electron	   beams	   than	   aliphatic	   compounds	   [Goldstein	   et	   al.,	   2003].	   During	   taking	   the	   image,	   the	  
operation	   of	   the	  machine	   at	   1	   keV	   had	   relatively	   small	   charging	   effect	   and	   radiation	   damage	   to	   the	  
sample	  as	  seen	  by	  Figure	  2.5	  (a)	  and	  (b).	  In	  contrast,	  during	  imaging	  an	  uncoated	  cellulose	  fiber	  at	  1	  keV	  
has	  severe	  charging	  effects	  and	  radiation	  damage	  occurred	  as	  shown	  by	  picture	  Figure	  2.5	  (c).	  The	  hole	  
drilling	  occured	  continuously.	  The	  hole	  gets	  bigger	  within	  a	  few	  minutes	  and	  some	  fibers	  broke	  at	  that	  
time.	  This	  same	  type	  of	  sample	  imaged	  with	  the	  	  STEM	  200	  keV	  produced	  much	  better	  result	  as	  shown	  
by	   picture	   Figure	   2.5	   (d).	   The	   cellulose	   fiber	   could	   hang	   with	   the	   very	   small	   part	   of	   the	   STEM	   grid	  
without	   falling	   down	   or	   any	   obvious	   damage	   from	   the	   high	   energy	   beam.	   At	   1	   keV,	   the	   interaction	  
becomes	  severe	  enough	  to	  produce	  a	  hole	   in	  cellulose	   fiber.	  Cellulose	  contains	  oxygen	  and	  ultimately	  
deteriorates	   as	   the	   specimen	   itself	   is	   chemically	   modified	   as	   peroxides	   are	   formed	   [Goldstein	   et	   al.,	  
2003].	  The	   lower	  stopping	  power	  at	  200	  keV	  could	  also	  be	  applied	  for	  the	  case	  of	   less	  suface	  damage	  
when	  comparing	  with	  a	  beam	  energy	  of	  1	  keV	  from	  the	  SEM.	  	  
The	  radiation	  damage	  and	  the	  charging	  effect	  also	  become	  a	  significant	  obstruction	  to	  obtaining	  
high-­‐resolution	  images	  as	  shown	  by	  Figure	  2.5	  (e)	  and	  (f).	  At	  1	  keV,	  the	  cracking	  damage	  usually	  occurs	  
in	   the	   Y-­‐axis	   pattern	   for	   the	   specific	   area	   of	   image	   (f)	   and	   the	   charging	   effect	   as	   seen	   by	   picture	   (e).	  
Despite	  both	  of	  these	  specimens	  having	  been	  coated	  with	  gold,	  the	  study	  could	  not	  maximize	  into	  the	  
full	   capability	  of	   the	  machine	  and	  delve	  deeper	   into	   the	  detail	   to	  obtain	  more	   structural	   information.	  
Plant	   architectures	   are	   extremely	   heterogenous	   and	   very	   porous	   materials.	   However,	   to	   be	   able	   to	  
image	   the	   non	   –	   conductive	   specimen,	   a	   charge	   balance	   condition	   needs	   to	   be	   achieved	   [Joy	   et	   al	   .,	  
1996]	   The	   negative	   charge	   of	   electrons	   damage	   the	   specimen	   when	   a	   pathway	   to	   ground	   negative	  
charge	  to	  the	  specimen	  stub	   is	  absent	   	   [Lyman	  et	  al.,	  1990].	  The	  coating	  process	  normally	  covers	  only	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the	  surface	  as	  shown	  by	  image	  (e).	  	  Some	  areas	  had	  insufficient	  coverage	  because	  of	  the	  high	  depth	  of	  
field	  and	  the	  multiple	  surface	  layers	  of	  the	  non-­‐conductive	  specimens.	  	  
Furthermore,	   the	   incident	   beam	   energy	   that	   the	   detectors	   help	   conduct	   could	   also	   have	   a	  
significant	  impact	  to	  the	  result	  presented	  in	  the	  formation	  of	  the	  image.	  The	  uncoated	  α-­‐cellulose	  fiber	  
on	  carbon	  tape	  from	  the	  SEM	  of	  Figure	  2.6	  initially	  obtained	  from	  the	  upper	  detector	  (U)	  shows	  a	  black	  
spot	  that	  is	  likely	  to	  be	  from	  a	  hole	  drilling	  effect	  of	  beam	  damage	  (a).	  In	  contrast	  with	  picture	  (b),	  the	  
hole	  or	  the	  black	  spot	  disappears	  from	  am	  image	  taken	  after	  the	  first	  from	  the	  same	  position,	  but	  with	  
the	  lower	  detector.	  The	  SEM	  image	  firstly	  obtained	  from	  the	  mix	  detector	  represents	  the	  black	  spot	  as	  
similar	  to	  the	  use	  of	  mixed	  detector	  (d)	  The	  image	  derived	  from	  the	  mix	  detector	  (M)	  after	  zooming	  in	  
into	  the	  drilling	  area	  by	  5x.	  	  
	   During	   taking	   the	   image	   of	   this	   specimen,	   the	   interaction	   is	   strong	   because	   of	   the	   failure	   to	  
achieve	  the	  state	  of	  charge	  balance	  from	  the	  uncoated	  sample.	  Moreover,	  there	  are	  some	  other	  factors	  
such	  as	  the	  scan	  speed,	  beam	  current,	  tilting	  degree	  of	  the	  sample	  and	  so	  on.	  The	  different	  results	  in	  the	  
image	   from	   the	   same	   sample	   of	   image	   (a-­‐d)	   emphasizes	   the	   importance	   of	   the	   different	   ratio	   of	   the	  
incident	  beam	  that	  detector	  could	  be	  able	  to	  conduct	   the	  signal	  as	   the	   following	  Table	  2.1	  and	  2.2	  as	  
well	   as	   the	   importance	   of	   the	   awareness	   to	   take	  multiple	   pictures	   obtained	   from	   different	  mode	   of	  
operation	   in	   order	   to	   obtain	   the	   accurate	   result	   which	   is	   not	   obscured	   by	   the	   different	   ratio	   of	   the	  
incident	  beam	  energy.	  
The	   topographic	   contrast	  depends	   largely	  on	   the	   ratio	  between	  SE	   and	  BSE	   for	   each	  detector	  
[Goldstein	  et	  al.,	  2003].	  The	  difference	  in	  working	  distance	  gives	  the	  ratio	  of	  conduction	  efficiency	  which	  
ultimately	   affects	   the	   image	   formation.	  Different	   SEM	  models	  would	   typically	   have	   different	   detector	  
performance	  as	  well	  as	  the	  signal	  ratio.	  	  
Another	   observation	   obtained	   from	   Figure	   2.6	   is	   the	   low	   topographic	   contrast	   information	  
because	  the	  image	  was	  taken	  at	  1	  keV.	  Besides	  the	  radiation	  damage	  at	  low	  beam	  energy,	  both	  electron	  
beams	  and	  ion	  beams	  suffer	  from	  the	  chromatic	  aberration	  at	  low	  beam	  energy.	  The	  resolution	  of	  the	  
SEM	  depends	   on	   the	   diffusion	   of	   the	   electron	   probe	   as	  well	   as	   the	   conduction	   of	   the	   contrast	   signal	  
derived	   from	   the	   interaction	   of	   the	   beam	   and	   the	   specimen	   [Zhu	   et	   al.,	   2009].	   As	   shown	   by	   the	   ray	  
tracing	  simulation,	  the	  distribution	  of	  electrons	  that	  spread	  out	  of	  the	  focal	  plane	  becomes	  a	  significant	  
problem	  at	  1	  keV	  as	  shown	  by	  Figure	  2.7	  (a).	  The	  better	  focus	  of	  electron	  probe	  profile	  at	  30	  and	  200	  
keV	  from	  picture	  (b)	  and	  (c)	  respectively	  helps	  minimize	  the	  problem	  of	  chromatic	  aberration.	  	  
Furthermore,	  a	  series	  of	  microcrystalline	  cellulose	  images	  under	  the	  STEM	  from	  SE,	  ZC,	  and	  TE	  
provide	   different	   information	   as	   presented	   in	   Figure	   2.8.	   	   The	   image	   at	   the	   same	  magnification	   but	  
different	   detector	   from	   figures	   (a),	   (b),	   and	   (c)	   reveals	   some	   different	   structural	   information.	   The	   TE	  
image	  derives	  from	  the	  penetration	  of	  electron	  beam	  through	  the	  thickness	  of	  the	  specimen,	  and	  the	  TE	  
detector	  at	  the	  bottom	  of	  the	  STEM	  column	  conducts	  the	  transmission	  signal.	  The	  SE	  image	  pertains	  to	  
the	   image	   layer	   by	   layer	   [Joy,	   2009].	   The	   secondary	   electron	   image	   (SE)	   from	   (a)	   shows	   some	   small	  
particles	  on	  the	  surface;	  meanwhile,	  the	  Z-­‐contrast	  image	  (ZC)	  from	  (b)	  has	  some	  bright	  spots	  that	  are	  
likely	  to	  be	  different	  in	  elemental	  composition.	  The	  transmission	  images	  (TE)	  from	  (d),	  (e),	  (g),	  (i)	  and	  (j)	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provide	   high	   resolution	   images	   and	   demonstrate	   structural	   information.	   Previous	   reports	   of	   cellulose	  
lattice	   spacing	   from	  Kuga	  et	  al.,	   found	   that	   the	  bacterial	   cellulose	   crystal	   lattice	  has	   the	  width	   size	  of	  
about	  10-­‐25	  nm	  which	  is	  similar	  to	  the	  width	  size	  of	  picture	  (e),	  (g)	  and	  (i)	  shown	  here.	  Moreover,	  the	  
Fast	  Fourier	  Transform	  image	  helps	  confirm	  the	  considerable	  periodical	  structure	  and	  information	  of	  the	  
lattice	   as	   shown	   by	   picture	   (f)	   deriving	   from	   Fourier	   Transform	   of	   picture	   (e)	   and	   (h)	   obtained	   from	  
Fourier	   Transform	   of	   picture	   (g)	   respectively.	   Still,	   the	   black	   spot	   obtained	   from	   the	   irradiation	   of	  
electron	   beam	   is	   a	   significant	   drawback	   to	   obtaining	   higher	   image	   resolution.	   The	   specimen	   has	   a	  
limited	   resolution	   that	  makes	   it	   difficult	   to	   observe	   the	   details	   of	   its	   structure;	   however,	   at	   200	   keV,	  
beam	  damage	  is	  rarely	  seen	  with	  the	  STEM.	  The	  beam	  damage	   increased	  within	   less	  than	  a	  minute	  of	  
focusing	  in	  this	  area.	  	  
The	  interaction	  of	  ions	  milling	  from	  the	  FIB	  
Monte	  Carlo	  Simulation	   from	  IONiSE	  demonstrates	  the	  scattering	  pattern	  of	  gallium	   ions	   from	  
the	  FIB	  at	  1,	  30	  and	  200	  keV	  as	  seen	  by	  (a),	   (b)	  and	  (c)	  of	  Figure	  2.9,	  respectively.	  The	  red	   line	  on	  top	  
represents	   the	   surface	   of	   the	   target	   materials.	   The	   cone-­‐shaped	   interaction	   volume	   of	   ions	   is	   much	  
smaller	   and	   has	   a	   more	   shallow	   penetration	   depth	   than	   electrons	   from	   the	   same	   target	   material	   of	  
carbon.	  Furthermore,	  a	  comparative	  study	  obtained	  from	  the	  Monte	  Carlo	  Simulation	  of	  electrons	  and	  
IONiSE	  from	  Table	  2.3	  at	  different	  beam	  energy	  illustrate	  the	  relationship	  between	  electrons	  and	  ions.	  
The	  penetration	  depth	  for	  both	  electrons	  and	  ions	   increase	  at	  higher	  beam	  energy.	  However,	  electron	  
beams	   penetrate	   deeper	   than	   ion	   beams	   by	   about	   10,000	   times.	   The	   SE	   yield	   tends	   to	   increase	   very	  
sharply	  for	   ions	  but	  continuously	  decreases	  for	  electrons.	  The	  BSE	  yield	   is	  absent	  for	   ions,	  but	  present	  
with	  electrons	  and	  tends	  to	  decrease	  at	  higher	  beam	  energy.	  
Picture	  (a)	  from	  Figure	  10	  shows	  the	  interaction	  volume	  and	  the	  scattering	  trajectory	  between	  
ion	  and	  epoxy	   resin	  at	  a	  density	  of	  1.08	  g/ml.	  Meanwhile,	   the	  approximate	  plant	   cell	  walls	  density	  of	  
yellow	  poplar	  and	  loblolly	  pine	  is	  1.472	  and	  1.5	  g/ml,	  respectively	  [Kellogg	  et	  al.,	  1969.	  The	  simulation	  of	  
how	  gallium	  ion	  interacts	  with	  the	  specimen	  is	  shown	  by	  picture	  (b).	  	  
The	  range	  is	  a	  function	  of	  energy	  and	  the	  density	  of	  materials.	  The	  penetration	  depth	  of	  the	  ions	  
in	  epoxy	  resin	  is	  deeper	  than	  plant	  cell	  wall	  as	  a	  result	  of	  the	  lower	  density	  materials	  as	  shown	  in	  Table	  
2.4.	   Therefore,	   the	   FIB	   mills	   out	   the	   Epoxy	   resin	   first	   and	   left	   cellulose	   fiber	   behind.	   This	   result	  
establishes	   the	   promising	   application	   of	   the	   Ga	   FIB	   ions	   as	   able	   to	   mill	   the	   embedding	   material	  
preferentially	  and	  remove	  it	  from	  a	  biological	  specimen	  surface.	  The	  relationship	  between	  the	  materials	  
density	  and	  the	  interaction	  of	  the	  beam	  assists	  in	  the	  study	  of	  nanophase	  biological	  material	  sciences.	  	  	  
Focused	  Ion	  Beam	  (FIB)	  was	  used	  to	  prepare	  the	  thin	  section	  for	  the	  STEM	  to	  reveal	  the	  internal	  
structure	  of	  cellulose	  fibers	  located	  within	  switchgrass’	  cell	  walls	  as	  presented	  in	  the	  secondary	  electron	  
series	  of	   images	  in	  Figure	  2.11.	  The	  bright	  field	  image	  from	  Figure	  2.11	   (a)	  shows	  the	  impact	  from	  the	  
FIB	  to	  a	  group	  of	  plant	  cell	  walls.	  The	  secondary	  electron	  image	  (b)	  and	  (c)	  shows	  what	  is	  left	  of	  the	  plant	  
cell	   wall’s	   ultrastructure	   after	   the	   FIB	   mills	   the	   epoxy	   resin	   out	   of	   the	   thin	   cross	   section.	   The	  
arrangement	  of	  the	  fiber	  is	  perpendicular	  to	  the	  focal	  plane	  of	  the	  specimen	  as	  shown	  by	  picture	  (d)	  and	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(e).	  This	  study	  found	  the	  arrangement	  of	  the	  cellulose	  microfiber	  similar	  to	  the	  primary	  wall	  or	  S1	  layer	  
at	  the	  approximate	  size	  of	  2-­‐3	  nm	  in	  diameter.	  	  
The	  micro	  and	  nano	  scale	  of	  switchgrasses’	  water	  transport	  channels	  from	  the	  STEM	  at	  200	  keV	  
present	  different	  fields	  of	  view	  for	  Figure	  2.12	   (a)-­‐(g).	  The	  white	  cloud	  as	  seen	  in	  Figure	  12	   (c),	  (d),	  (e)	  
and	  (f)	   is	  the	   left	  over	  of	  epoxy	  resin	  from	  the	   ion	  millings	  of	  the	  FIB.	  The	  transport	  channels	  with	  the	  
approximate	  size	  of	  100	  nm	  in	  diameter	  for	  Figure	  2.12	  (f).	  	  
Conclusion	  
	   The	   result	   from	   the	   interaction	   helps	   provide	   the	   better	   understanding	   and	   support	   in	  
accordance	  with	  what	  is	  going	  on	  in	  the	  image.	  The	  different	  of	  beam	  energies	  and	  density	  of	  materials	  
strongly	   affect	   the	   result	   of	   the	   interaction,	   which	   ultimately	   is	   represented	   in	   the	   image.	   The	  
quantitative	   data	   of	   the	   range,	   SE,	   and	   BSE	   confirm	   the	   relevance	   between	   the	   interaction	   and	   the	  
image	  formation.	  The	  electron	  beams	  of	  electron	  microscopes	  and	  ion	  beams	  from	  the	  FIB	  provide	  some	  
different	  characteristic	  as	  how	  they	   interact	  with	  biomass	  materials.	  The	  different	  modes	  of	  operation	  
between	  the	  SE	  and	  ZC	  present	  different	  field	  of	  view	  as	  well	  as	  different	  result	  from	  different	  types	  of	  
materials.	  The	  secondary	  electron	  image	  with	  the	  high	  beam	  energy	  of	  the	  STEM	  at	  200	  keV	  profoundly	  
helps	   the	   resolution	   in	  order	   to	  minimize	   the	  charging	  effect	  of	  non-­‐conductive	  biomass	  and	  polymer	  
specimen	  as	  well	   as	  obtaining	   a	  higher	   resolution	   image.	   	   Each	  detector	   conducts	   a	  different	   amount	  
and	  pattern	  relating	  to	  the	  interaction	  of	  the	  electrons	  with	  the	  specimen.	  	  This	  ultimately	  confers	  some	  
of	  the	  differences	   in	  topographical	  contrast,	  dimensional	  volumes	  and	  the	  stage	  of	  charge	  balance.	  By	  
taking	   one	   shot	   from	  only	   one	   type	   of	   detector	   could	   lead	   to	  misunderstanding	  material	   features.	   In	  
order	  to	  make	  the	  right	  selection	  and	  application	  of	  the	  tool,	  the	  knowledge	  and	  understanding	  of	  the	  
interaction	   going	   on	   within	   the	   ultra	   high	   vacuum	   environment	   should	   also	   be	   seriously	   taken	   into	  
account.	   Different	   beam	   energies	   could	   result	   in	   the	   stopping	   power,	   chromatic	   aberration,	   and	  
penetration	  depth	  beneath	  the	  specimen	  surface.	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Figure	  2.1	  The	  cross	  section	  of	  a	  switchgrass	  stem	  with	  the	  micron	  size	  [GMIS,	  2009]	  
	  
Figure	  2.2	  The	  stopping	  power	  of	  carbon	  as	  a	  function	  of	  energy	  [Joy	  et	  al.,	  1996]	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  2.3	  	  The	  simulation	  in	  comparison	  between	  the	  wood	  pulp	  of	  SE	  image	  and	  the	  trajectory	  of	  electrons	  (all	  
10	  ticks	  of	  scale	  bar	  =	  50	  µm)	  
	  
(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	   	   	   	   	  	  	  	  	  	  	  	  	  	  (c)	  
Figure	  2.4	  Energy	  plot	  from	  the	  different	  function	  of	  energy	  level	  starting	  from	  1,	  30	  and	  200	  keV	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  
	  	   	  
(e)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   (f)	  
Figure	  2.5	  The	  different	  degree	  of	  severity	  from	  radiation	  damage	  at	  1	  keV	  from	  lignin	  (a,	  b)	  and	  cellulose	  (c)	  
along	  with	  imaging	  of	  cellulose	  (d)	  at	  200	  keV.	  	  Image	  (e)	  and	  (f)	  is	  the	  poplar	  and	  switchgrass	  transport	  channel,	  
respectively.	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  
Figure	  2.6	  The	  series	  of	  SEM	  images	  of	  cellulose	  fiber	  at	  the	  same	  position	  but	  different	  detectors	  of	  conducting	  
signals.	   	  Figure	   (a),	   (b)	  and	   (c-­‐d)	  came	  from	  the	  upper,	   lower	  and	  mixed	  detector	   respectively.	  The	  right	  hand	  
side	  from	  a	  half	  of	  image	  (d)	  comes	  from	  the	  10X	  magnification	  of	  the	  area	  in	  the	  square	  box	  in	  the	  middle	  of	  a	  
half	   left	   image.	  Hence,	   the	   scale	   bar	   of	   image	   (d)	   is	   for	   the	   left	   image	   (10	   ticks	   long	   =	   	   	   50	   µm)	   and	   have	   to	  
divided	  by	  10	  for	  the	  right	  hand	  side	  (10	  ticks	  long	  =	  5	  µm)	  
Table	  2.1	  The	  differences	  of	  detectors	  performance	  of	  SE	  and	  BSE	  signal	  conduction	  from	  Hitachi	  S4700	  SEM	  
Detectors	  
Working	  Distance	  
(mm)	   SE	  Yield	  (%)	   BSE	  Yield	  (%)	  
Upper	   8	   75	   20−30	  
Lower	  	   >8	   25	   70−80	  
Mixed	   ≥8	   100	   100	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Table	  2.2	  The	  incident	  energy	  of	  SE1,	  SE2	  and	  SE3	  conducted	  by	  the	  upper	  and	  lower	  detector	  of	  Hitachi	  S4700	  
SEM	  
Incident	  energy	  (keV)	  
Detectors	   SE1	   SE2	   SE3	  
Upper	   40	   40	   none	  
Lower	   20	   40	   40	  
	  
	  
(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	   	   	   	   (c)	  
	  
Figure	  2.7	  The	  Kenway	  -­‐	  Cliff	  numerical	  ray	  tracing	  from	  Monte	  Carlo	  Simulation	  of	  DOCALC	  using	  Cs	  =	  5	  mm,	  Cc	  
=	  5	  mm,	  α	  =	  10	  m.rads.	  at	  beam	  energy	  of	  1,	  30	  and	  200	  keV	  from	  (a),	  (b)	  and	  (c)	  respectively	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(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  
	  	  	   	  
(e)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   (f)	  
Figure2.	  8	  The	  series	  of	  images	  of	  microcrystalline	  cellulose	  from	  the	  same	  specimen	  but	  obtaining	  from	  
different	  detectors	  and	  resolutions	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Figure	  2.8	  continued	  
	  	  	   	  
(g)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  (h)	  
	  	   	  
(i)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (j)	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(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	   	   	   	  	   	  	  	  	  	  	  	  (c)	  
Figure	  2.9	  The	  semi-­‐empirical	  model	  illustration	  of	  gallium	  ions	  from	  the	  FIB	  at	  different	  scale	  and	  function	  of	  
energy.	  	  
Table2.3	  The	  comparative	  study	  among	  the	  different	  interactions	  from	  the	  1,	  30	  and	  200	  keV	  from	  the	  FIB,	  SEM	  
and	  STEM	  
	  
	  	  	  	  	  	  	   	  
(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  2.10	  The	  illustration	  of	  a	  thousand	  trajectory	  of	  gallium	  ion	  traveling	  within	  the	  FIB	  at	  30	  keV	  during	  
milling	  the	  internode	  of	  switchgrass	  specimen	  embedded	  in	  the	  epoxy	  resin	  and	  locating	  in	  the	  3	  mm	  in	  
diameter	  of	  the	  oyster	  grid	  
	  
	  
Source	  of	  particles	   FIB	   SEM	   FIB	   SEM	   FIB	   STEM	  
Beam	  energy	  (keV)	   1	   30	   200	  
Penetration	  depth	  (nm)	   ≤	  10	   30	   ≤	  20	   8618	   260	   2009463	  
SE	  yield	   0.27	   1.88	   1.98	   0.17	   4.77	   0.06	  
BSE	  yield	   0	   0.12	   0	   0.05	   0	   0.03	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Table	  2.4	  The	  comparison	  of	  gallium	  ions	  from	  the	  FIB	  interacted	  with	  Epoxy	  resin	  and	  plant	  cell	  wall	  at	  30	  keV	  
	  Interactions	   Epoxy	  Resin	   Cell	  Walls	  
Penetration	  depth	  (nm)	   70	   60	  
SE	  yield	   0.93	   1.03	  
BSE	  yield	   0	   0	  
	  
	  	   	  
(a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  
Figure	  2.11	  The	  strong	  interaction	  of	  the	  ion	  beams	  from	  the	  FIB	  help	  reveal	  the	  underneath	  surface	  of	  the	  
specimen	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Figure	  2.11	  continued	  
	  
(e)	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(a)	  
	  
(b)	  
Figure	  2.12	  The	  internode	  of	  switchgrass	  specimen	  embedded	  in	  epoxy	  resin	  and	  milled	  with	  the	  FIB	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Figure	  2.12	  continued	  
	  
(c)	  
	  	  	   	  	  
(d)	  	  	  	   	   	   	   	   	   (e)	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Figure	  2.12	  continued	  
	   	  
(f)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   (g)	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Chapter	  3	  
The	  study	  of	  plant	  cell	  walls	  deconstruction	  using	  electron	  beams	  as	  a	  
pretreatment	  for	  bioethanol	  production	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Chapter	  3	  
The	   study	   of	   plant	   cell	   walls	   deconstruction	   using	   electron	   beams	   as	   a	  
pretreatment	  for	  bioethanol	  production	  
Abstract	  
Cellulose	  fibers	  are	  the	  major	  component	  of	  plant	  cell	  walls	  and	  the	  most	  abundant	  biopolymer	  on	  earth	  
containing	  both	  crystalline	  and	  amorphous	  regions.	  However,	   the	  crystalline	  region	  and	   lignin	  become	  
significant	  drawbacks	  by	  hindering	  enzymes	  ability	   to	  bind	   to	  cellulose,	  which	   lowers	   the	  sugar	  yields.	  
Here	   we	   propose	   a	   novel	   physical	   pretreatment	   strategy	   using	   electron	   beam	   irradiation	   that	   could	  
potentially	  decrease	  cellulose	  crystallinity	  as	  well	   as	  unzip	   the	   lignin	   structure.	  Four	   types	  of	  biomass:	  
cellulose,	  yellow	  pine,	  poplar,	  and	  switchgrass,	  were	  irradiated	  with	  an	  electron	  beam	  at	  Sterigenics,	  Inc.	  
under	  the	  dosage	  of	  0,	  54,	  80,	  148	  and	  403	  kGy.	  By	  combining	  the	  result	  from	  the	  wet	  chemical	  analysis	  
of	   percent	   weight	   glucose/	   cellulose	   from	   the	   High	   Performance	   Liquid	   Chromatography	   (HPLC),	   %	  
crystallinity	   from	   the	  Wide	   Angle	   X-­‐Ray	   Diffraction	   (WAXD),	   a	   promising	   effect	   is	   shown	   in	   pine	   and	  
yellow	  poplar	  but	  not	  in	  cellulose	  and	  switchgrass.	  Significant	  increases	  of	  percent	  weight	  glucose	  from	  
HPLC	  are	  observed	  for	  pine	  at	  higher	  doses	  as	  shown	  by	  (r	  =	  0.97,	  P<	  0.0076),	  which	  are	  9.4	  and	  27%	  
respectively	  at	  0	  and	  403	  kGy.	  The	  strong	  correlation	  of	  decreasing	  in	  %	  crystallinity	  was	  found	  in	  poplar	  
(r	  =	  -­‐0.89,	  P<	  0.05)	  from	  32.4%	  to	  17.4%	  in	  relevance	  to	  the	  average	  of	  the	  increase	  in	  %	  glucose	  from	  30	  
to	  55%	  comparing	  between	  0	  and	  403	  kGy.	  
	  
Introduction	  
Plant	  cell	  walls	  compose	  the	  largest	  source	  of	  sugars	  on	  earth	  and	  are	  a	  potential	  source	  for	  the	  
production	   of	   biofuels.	   Their	   carbohydrate	   polymers	   and	   complex	   phenolic	   compounds	   make	   the	  
chemical	   reactions	   complicated	   and	   cellulase	   enzyme	   cannot	   gain	   access	   to	   bind	  with	   cellulose	   fibers	  
and	  break	  the	  glycosidic	  linkages	  to	  convert	  cellulose	  into	  glucose.	  The	  differences	  in	  biomass	  properties	  
significantly	  affect	  the	  biorefinery	  industry	  as	  it	  determines	  the	  effectiveness	  of	  the	  chemical	  reactions	  
and	  enzymes	  to	  plant	  sugars.	  A	  method	  to	  improve	  the	  accessibility	  to	  plant	  sugars	  is	  needed	  to	  lower	  
the	  cost	  of	  producing	  biofuels	  and	  make	  them	  more	  economically	  feasible	  [Himmel	  et	  al.,	  2007].	  
The	  selection	  of	  plant	  candidates	  for	  bioenergy	  feedstocks	  falls	  into	  various	  criteria	  such	  as	  fast	  
growing,	  drought	  tolerance,	  grow	  well	  in	  the	  marginal	  land,	  cheap	  and	  easily	  obtained	  from	  agricultural	  
residue	  and	  so	  on.	  The	  effort	  to	  transform	  bioethanol	  production	  based	  on	  corn	  starch	  and	  sugarcane,	  
which	  are	  major	  food	  crops,	  to	  lignocellulosic	  biomass	  from	  forest	  and	  agricultural	  residues	  are	  growing	  
to	  become	  a	   likely	  option	   for	   the	  sustainable	  development	   [Alvira	  et	  al.,	  2010]	  Three	  major	  groups	  of	  
plants	  that	  frequently	  are	  used	  as	  biofuel	  feedstock	  for	  bioethanol	  production	  are	  non-­‐grass	  angiosperm	  
or	  dicotylenous	  plants,	  grasses	  or	  monocotylenous	  plants,	  and	  gymnosperms	  such	  as	  softwood	  like	  pine.	  
The	  major	  components	  of	  plant	  cell	  walls	  have	  evolved	  the	  same	  as	  the	  evolution	  of	  the	  plant	  kingdom	  
[Sarkar	  et	  al.,	  2009].	  For	   instance,	  yellow	  poplar,	   their	  cell	  walls	  have	  higher	  hemicelluloses	  and	   lignin	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contents	   than	   grasses	   [Sarkar	   et	   al.,	   2009].	   Meanwhile,	   gymnosperms	   have	   their	   own	   compositions	  
almost	   identical	   to	   grasses	   excluding	   a	   larger	   amount	   of	   glucomannans	   from	   hemicelluloses	   and	   the	  
lignin	  that	  consist	  mainly	  guaicyl	  units	  [Sarkar	  et	  al.,	  2009].	  	  
The	   major	   two	   components,	   known	   as	   biomass	   recalcitrance,	   of	   plant	   cell	   walls	   that	   are	   a	  
significant	   drawback	   to	   bioethanol	   and	  biorefinery	   industry	   are	   lignin	   and	   cellulose	   crystallinity.	   Plant	  
modification	   using	   genetic	   engineering	   to	   reduce	   the	   amount	   of	   lignin	   is	   one	   of	   the	   strategies	   that	  
focuses	  on	  improvement	  of	  feedstock	  composition.	  However,	  the	  risk	  of	  horizontal	  gene	  transfer	  to	  the	  
environment	   and	   public	   resistance	   to	   genetic	   engineering	   are	   still	   limiting	   the	   growth	   of	   genetically	  
engineered	  plants	  outside	  of	  the	  research	  laboratory.	  	  
A	  common	  solution	  is	  the	  use	  of	  a	  pretreatment	  to	  plant	  biomass	  before	  the	  digestion	  step.	  The	  
goal	  of	  pretreatment	   is	   to	  help	  decrease	  biomass	   recalcitrance	  as	  well	   as	   facilitate	   the	  accessibility	  of	  
enzyme	  to	  cellulose	  fiber.	  Chemical	  pretreatments	  are	  common,	  especially	  for	  the	  use	  of	  cheap	  acids	  or	  
bases	   to	   help	   break	   down	   biomass.	   However,	   cellulase	   enzymes	   are	   the	   pH	   sensitive.	   Consequently,	  
washing,	  neutralizing	  or	  adjusting	  the	  pH	   is	  required	   in	  order	  to	  proceed	  with	  enzyme	  hydrolysis	  after	  
using	  the	  chemical	  pretreatment.	  This	  process	  step,	  especially	  for	  some	  types	  of	  pretreatment,	  produces	  
products	  that	  are	  non-­‐polar	  or	  have	  low	  solubility	  with	  water.	  This	  detoxification	  and	  neutralization	  step	  
could	  potentially	   take	  more	   time	  than	   the	  pretreatment	  procedure	  depending	  on	  how	  difficult	   it	   is	   to	  
clean	  the	  sample	  that	  has	  been	  pretreated.	  	  Moreover,	  some	  pretreatments	  cannot	  solely	  be	  washed	  by	  
water.	   For	   instance,	   the	   modest	   fractionation	   reaction	   used	   concentrated	   phosphoric	   acid	   as	   a	  
pretreatment	  chemical	  also	  have	   to	  use	  acetone	  to	  wash	  phosphoric	  acid	  out	   first	  and	  then	   follow	  by	  
water	  in	  order	  to	  remove	  acetone	  [Zhang	  et	  al.,	  2007].	  Therefore,	  the	  washing	  step	  could	  also	  increase	  
both	  the	  cost	  and	  time	  of	  bioethanol	  production.	  	  
Regarding	   large-­‐scale	  bioethanol	  production	  using	  chemical	  pretreatments,	   the	  million	   tons	  of	  
bioethanol	  production	  worldwide	  could	  potentially	  be	  associated	  with	  the	  increase	  of	  waste	  chemicals	  
released	   to	   the	   environment	   in	   a	   large	   quantity	   and	   come	   under	   stringent	   regulatory	   and	   control.	  
Therefore,	   a	   pretreatment	   that	   is	   environmentally	   friendly	   would	   provide	   significant	   advantages.	   A	  
pretreatment	   that	   could	   reduce	   cellulose	   crystallinity;	   and,	   breakdown	   the	   lignin	   and	   polysaccharide	  
matrix	   that	   covers	   cellulose	   fibers	  while	  minimizing	   the	   cost	   and	   time	   for	   subsequent	   steps	  would	  be	  
ideal.	   A	   novel	   pretreatment	   strategy	   is	   proposed	   by	   using	   electron	   irradiation	   technology	   that	   could	  
potentially	  fit	  the	  ideal	  characteristics	  for	  a	  pretreatment	  as	  above.	  
When	  the	  negative	  charge	  of	  electron	  beams	  interact	  with	  materials,	  they	  will	  deposit	  energy	  on	  
the	  specimen	  and	  result	  in	  mass	  reduction,	  loss	  of	  light	  elements,	  resulting	  in	  cracking,	  and	  hole-­‐drilling	  
because	   of	   the	   incidental	   damage	   and	   chain	   scissioning	   normally	   occur	   [Goldstein	   et	   al.,	   2003].	  
Increasingly,	  the	  application	  of	  electron	  beam	  technology	  has	  provided	  profound	  impact	  into	  the	  wide	  
range	   of	   science	   and	   thorughout	   the	   many	   areas	   of	   industry	   and	   health	   care	   as	   well	   as	   food	   and	  
agriculture.	  For	  instance,	  the	  US	  Postal	  Service	  has	  8	  electron	  beam	  accelerators	  in	  order	  to	  sanitize	  mail	  
and	   prevent	   a	   biological	   weapon	   being	   sent	   through	   the	   mail	   by	   terrorists	   [Bouchard	   et	   al.,	   2006].	  
Additionally,	   electron	   beam	   technology	   was	   found	   to	   have	   the	   highest	   potential	   and	   inexpensive	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technology	  for	  the	  use	  of	  low	  temperature	  curing	  of	  the	  aerospace	  and	  automobile	  industry	  	  	  [Goodman	  
et	   al.,	   2002].	   Also,	   another	   application	   is	   to	   help	   resolve	   the	   problem	   of	   large-­‐scale	   assembly	   in	   the	  
aerospace	  industry	  that	  could	  not	  typically	  be	  done	  in	  the	  traditional	  way	  of	  autoclaving	  because	  of	  the	  
size	  of	  parts	  [Goodman	  et	  al.,	  2002].	  	  
Previous	  reports	  found	  that	  the	  irradiation	  of	  paper	  made	  from	  cellulose	  fiber	  could	  potentially	  
cause	   the	   depolymerization	   of	   cellulose	   that	   ultimately	   decreases	   the	   strength	   of	   paper	   as	   well	   as	  
discoloration	   as	   a	   result	   of	   the	   oxidation	   of	   cellulose	   [Bouchard	   et	   al.,	   2006].	   Carbonyl	   groups	   (C=O)	  
increased	   in	   a	   linear	   relationship	   with	   higher	   doses	   of	   irradiation	   [Bouchard	   et	   al.,	   2006].	   Also,	   the	  
unknown	  chemical	  compound	  as	  well	  as	  chemical	  degradation	  was	  found	  from	  cellulose	  fiber	  irradiated	  
with	  an	  electron	  beam	  [Bouchard	  et	  al.,	  2006].	  Recent	  work	  of	  electron	  beam	   irradiation	   from	  3	  MeV	  
accelerator	   to	  microcrystalline	  cellulose	  could	  significantly	   reduced	  the	  amount	  of	  crystallinity	  starting	  
from	  87	  to	  76,	  65	  and	  45%	  by	  radiation	  dosages	  of	  0,	  10,	  100	  and	  1,000	  kGy	  respectively	  [Driscoll	  et	  al.,	  
2009].	   However,	   lignocellulosic	   biomass	   is	   extremely	   heterogenous	   materials	   that	   not	   contain	   only	  
cellulose	  but	  other	  biopolymers.	  There	  are	  at	  least	  26	  monomers	  that	  mix	  and	  match	  to	  form	  the	  diverse	  
variety	   of	   biopolymers	  within	   plant	   cell	   walls	   [Sarkar	   et	   al.,	   2009].	   Also,	   according	   to	   the	   diversity	   of	  
plant	  cell	  walls	  and	  variability	  of	  their	  compositions	  from	  plants	  evolution,	  the	  pretreatment	  have	  to	  find	  
the	   optimum	   condition	   that	   is	   suitable	   for	   the	   differences	   of	   biomass	   feedstock	   [Alvira	   et	   al.,	   2010].	  
Therefore,	   in	   this	  study,	  both	  dosages	  of	   irradiation	  and	  types	  of	  biomass	  are	   taken	   into	  account.	  The	  
chemical	  and	  anatomical	  analyses	  from	  the	  effect	  of	  electron	  beam	  irradiation	  were	  investigated	  for	  its	  
future	  possibility	  of	  its	  application	  as	  a	  pretreatment	  for	  bioethanol	  production.	  
Materials	  and	  methods	  
Sample	   preparation	   and	   electron	   beam	   pretreatment	   Three	   types	   of	   biomass:	   switchgrass	  
(Panicum	  virgatum	  cv.	  Alamo)	  represent	  non-­‐grass	  angiosperms,	  yellow	  poplar	  (Liriodendron	  tulipifera)	  
for	   hardwood	   angiosperms	   and	   southern	   yellow	   pine	   (Pinus	   palustris)	   represents	   softwood	  
gymnosperms.	   In	   addition,	   alpha-­‐	   cellulose	   fiber	   and	   lignin	   alkali-­‐low	   sulfonate	   content	   from	   Sigma-­‐
Aldich,	  wood	  and	  cotton	  pulp	   from	  Buckeye	  were	  used	  as	  a	  control.	  Thin	  sections	  embedded	   in	  Spurr	  
epoxy	  resin	  of	  plant	  biomass	  were	  cut	  by	  glass	  knife	  and	  put	  into	  the	  oyster	  grid	  for	  the	  quantification	  of	  
the	  anatomical	  effect	  with	   the	  scanning	   transmission	  electron	  microscope	   (STEM).	  All	  materials	  above	  
were	  packed	  into	  the	  small	  size	  of	  FedEx	  box	  (29.2	  x	  26.9	  x	  2.8)	  cm3	  and	  shipped	  to	  Sterigenics,	  Inc	  at	  San	  
Diego.	  Five	  dosages	  of	  irradiation	  (0,	  54,	  80,	  148	  and	  403	  kGy)	  were	  produced	  with	  the	  12	  MeV	  electron	  
beam	   accelerator.	   Then,	   all	   the	   pretreated	   bulk	   materials	   were	   ground	   to	   a	   powder	   for	   all	  
measurements	  using	  a	  Retsch	  ball	  mill,	  which	   include	  quantification	  of	  %	  crystallinity	   from	  pretreated	  
biomass,	   cellulose	   enzyme	   hydrolysis,	   infrared	   spectroscopy,	   and	   image	   of	   biomass	   as	   a	   result	   of	  
electron	  beam	  irradiation	  pretreatment	  	  
Imaging	  biomass	  and	  the	  simulation	  of	  electron	  beams	  interaction	  with	  the	  specimen	  Images	  
were	  taken	  by	  Hitachi	  S4700	  SEM	  and	  S-­‐3500	  VPSEM	  at	  the	  low	  voltage	  of	  1-­‐1.5	  keV	  and	  most	  of	  them	  
were	  coated	  with	  gold.	  Furthermore,	  for	  the	  specimen	  preparation	  of	  the	  STEM,	  thin	  sections	  about	  less	  
than	   100	   micron	   thick	   of	   biomass	   that	   had	   already	   embedded	   in	   Spurr	   epoxy	   resin	   were	   cut	   by	   an	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ultramicrotome	  and	  were	  then	  put	  inside	  of	  the	  3	  mm	  in	  diameter	  of	  the	  oyster	  grid	  with	  the	  thickness	  
of	   less	  than	  100	  micron	  size.	  Finally,	   images	  of	  0,	  80	  and	  403	  kGy	  biomass	  specimens	  were	  taken	  with	  
the	  STEM	  HD2000	  at	  200	  keV.	  For	  cellulose	  and	  lignin	  powder,	  they	  were	  diluted	  with	  deionized	  water	  
at	  the	  ratio	  of	  1:1	  and	  dropped	  on	  top	  of	  a	  Lacey	  carbon	  type	  A	  300	  mesh	  grid	  from	  Ted	  Pella,	  Inc.	  The	  
grids	  were	  air	  dried	  on	  top	  of	  the	  filter	  paper	  for	  few	  minutes	  before	  insert	  the	  grid	  into	  the	  STEM	  rod.	  
Monte	  Carlo	  Simulation	  development	  2004	  software	  was	  used	   for	   simulating	   the	   interaction	  between	  
biomass	  and	  electron	  beams	  [Joy,	  1995].	  
Wide	   angle	   X-­‐Ray	   diffraction	   (WAXD)	   The	  %	   crystallinity	   of	   cellulose	   was	   obtained	   from	   the	  
measurement	  of	  the	  wide	  angle	  x-­‐ray	  diffraction	  (Panalytical	  X’Pert	  Pro)	  at	  the	  wavelength	  of	  0.15	  nm.	  	  
The	  ground	  powder	   samples	  were	  pressed	   into	  a	  25	  mm	   in	  diameter	   sample	  holder.	   	   The	  holder	  was	  
spun	   at	   4	   rps.	   	   A	   scan	   was	   performed	   from	   5	   to	   60°	   of	   2θ	   scattering	   angle	   for	   10	   minute	   with	   the	  
divergent	  slit	  size	  of	  	  0.25°	  at	  100	  mm.	  The	  %	  crystallinity	  was	  calculated	  based	  on	  the	  best-­‐fit	  line	  to	  the	  
amorphous	   background	   using	   HighScorePlus	   software	   (PANanalytical).	   	   The	   background	   counts	   were	  
then	  calibrated	  with	  a	  sample	  of	  microcrystalline	  cellulose	  (Avicel	  Aldrich)	  that	  has	  a	  mean	  crystallinity	  
of	  65.8%	  [Harris	  et	  al.,	  2008].	  	  This	  calibration	  was	  repeated	  five	  times	  and	  the	  average	  value	  was	  used	  
as	  the	  calibration.	  	  This	  background	  was	  used	  to	  determine	  the	  crystallinity	  of	  the	  irradiated	  specimens.	  	  
A	  modified	  XRD	  configuration	  consisting	  of	  a	  0.125°	  divergent	  slit	  was	  performed	  for	  8	  cellulose	  samples	  
was	  used	  without	  calibration.	   	  A	  polynomial	   fit	   for	  dose	  versus	  crystallinity	  was	  performed.	   	  The	  dose	  
was	  then	  used	  to	  determine	  the	  crystallinity	  response	  for	  the	  uncalibrated	  samples.	  	  The	  HighScorePlus	  
software	   was	   then	   used	   to	   determine	   the	   number	   of	   background	   counts	   needed	   to	   produce	   the	  
determined	  crystallinity.	  	  From	  these	  background	  count	  values,	  the	  median	  was	  used	  as	  the	  calibration	  
so	  as	  not	  to	  skew	  the	  data.	  
Wet	   chemical	   analysis	   of	   biomass	   The	   procedure	   was	   modified	   from	   NREL	   Enzymatic	  
Saccharification	   of	   Lignocellulosic	   Biomass,	   NREL/TP-­‐510-­‐42629,	   2008	   protocol.	   HPLC	   Biorad	   Aminex	  
HPX-­‐87P	   column	  with	   de-­‐ashing	   guard	   column,	  Waters	   410	  RI	   detector	   and	  Waters	   2595	   Separations	  
Module	  was	  used	  to	  quantify	  the	  amount	  of	  glucose,	  polysaccharides	  and	  chemical	  compounds	  of	  the	  
reaction.	   Three	   types	   of	   biomass	   (500	  mg)	   and	   cellulose	   (200	  mg)	   from	   5	   doses	   of	   irradiation	  with	   2	  
replicates	  for	  each	  treatment	  were	  added	  with	  Citrate	  buffer	  pH	  4.8,	  30	  ml	  and	  followed	  by	  the	  enzyme	  
mixture	  between	  Celluclast	  (cellulase)	  1.5	  L	  and	  Novozyme	  188	  (cellobiase)	  for	  500	  µl	  at	  1:1	  ratio.	  The	  
reaction	  was	  conducted	  at	  the	  time	  point	  of	  0,	  1,	  2,	  6,	  9,	  12,	  24,	  48,	  72	  and	  96	  hours	  and	  boil	  the	  aliquat	  
every	   time	   for	   about	   10	   min	   to	   stop	   the	   digestibility.	   The	   linear	   regression	   of	   standard	   curve	   was	  
prepared	   from	   5	   concentrations	   which	   are	   0.1,	   0.3,	   4.5,	   7.5	   and	   10	   g/ml	   in	   order	   to	   obtain	   the	  
concentration	  of	  glucose.	  Then,	  the	  percent	  weight	  of	  glucose/	  cellulose	  was	  calculated	  basing	  upon	  the	  
concentration	  of	  glucose	  divided	  by	  the	  amount	  of	  cellulose	  from	  each	  type	  of	  biomass	  basing	  on	  NREL	  
database	   from	   the	   U.S	   Department	   of	   Energy,	   Biomass	   Program	   website	  
(http://www1.eere.energy.gov/biomass/feedstock_databases.html), in which switchgrass,	  
pine	  and	  poplar	  contain	  33.58%,	  41.7%	  and	  42.06%	  for	  the	  average	  amount	  of	  cellulose	  located	  within	  
plant	  cell	  walls.	  Since	  the	  reaction	  blank	  of	  enzyme	  and	  biomass	  initially	  has	  glucose,	  the	  yield	  of	  glucose	  
at	  every	  time	  point	  was	  subtracted	  from	  the	  amount	  of	  glucose	  at	  the	  starting	  point.	  Statistical	  analysis	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and	  the	  analysis	  of	  the	  result	  was	  performed	  by	  GraphPad	  Prism®	  version	  5.03	  using	  non-­‐linear	  curve	  fit	  
at	  95%	  confidence	   interval,	  ANOVA	  with	   repeated	  measure	  of	  glucose	  production	  over	   time,	   two-­‐way	  
ANOVA	  factorial	  in	  CRD	  comparing	  dosages	  and	  biomass	  types	  and	  Pearson’s	  correlation.	  	  
Results	  and	  Discussions	  
Part	  I:	  The	  results	  of	  electron	  beams	  interaction	  through	  the	  anatomical	  structure	  
The	   Monte	   Carlo	   Simulation	   from	   Figure	   3.1	   helps	   illustrate	   the	   scattering	   phenomenon	   of	  
electrons	  at	  an	  energy	  of	  12,000	  keV,	  equal	  to	  the	  beam	  energy	  at	  Steregenic,	  Inc.	  by	  assuming	  that	  the	  
base	   line	   on	   top	   is	   where	   electrons	   initially	  meet	   with	   the	   sample.	   Then,	   electrons	   could	   potentially	  
generate	  millions	  of	  scattering	  phenomenon;	  however,	  this	  simulation	  was	  constructed	  based	  on	  10,000	  
trajectories	  with	   the	   bulk	   target	  material	   of	   carbon	   that	   has	   the	   density	   of	   2.3	   g/ml.	   The	   interaction	  
occurred	   at	   a	   point	  but	  within	   the	   finite	   volume.	   The	   amount	  of	   energy	  deposited	   into	   the	   specimen	  
varied	  considerably	  as	  shown	  by	  the	  difference	  in	  color	  (Figure	  3.1).	  For	  instance,	  pink	  represent	  for	  the	  
highest	  energy	  deposition	  which	  is	  about	  30%.	  	   Blue,	  green,	  dark	  blue	  and	  yellow	  is	  10,	  3,	  1,	  0.6	  and	  less	  
than	  0.6	  percent	  respectively.	  
The	   approximate	   value	   of	   the	   distance	   in	   which	   electrons	   could	   deposit	   the	   energy	   at	   the	  
distance	  below	  the	  surface	  of	  the	  bulk	  specimen	  or	  the	  penetration	  depth	  as	  seen	  by	  the	  scale	  bar	  from	  
Figure	  3.1	  was	  calculated	  based	  on	  the	  equation	  (3.1)	  below;	  
€ 
R = 700I
1.66
ρ
,	   	   	   	   	   	   (3.1)	  
where	  R	   is	   the	  Range,	   I	   is	   the	   incident	  beam	  energy,	  and	   ρ	   is	   the	  density.	  By	  assuming	   that	  plant	   cell	  
walls	  have	  a	  density	  of	  about	  1.54	  g/ml	  [Kellog	  et	  al.,	  1969]	  and	  bombarded	  with	  the	  12,000	  keV	  from	  
Steregenics,	   Inc.,	  the	  penetration	  depth	  that	  electrons	  could	  potentially	  deposit	  their	  energy	  would	  be	  
about	  26.86	  cm.	  	  
In	  accordance	  with	  previous	  report	  from	  Bouchard	  et	  al.,	  that	  the	  discoloration	  as	  a	  result	  of	  the	  
oxidation	  of	  cellulose	  fiber	  as	  seen	  by	  Figure	  3.2	  displays	  a	  darkening	  in	  color	  of	  alpha	  cellulose	  fiber	  at	  
higher	  dosages	  of	  irradiation	  because	  of	  the	  oxidation	  as	  well	  as	  the	  increase	  of	  carbonyl	  concentration.	  	  
The	  picture	  from	  lignin	  sample	  at	  0	  kGy	  and	  403	  kGy	  is	  hard	  to	  distinguish	  the	  differences	  from	  
the	   picture	   from	   the	   HD2000	   STEM	   and	   the	   SEM	   as	   seen	   by	   Figure	   3.3.	   The	  micrograph	   (a)	   and	   (c)	  
represents	   the	   rough	  three	  dimensional	   surface	   features	  of	   lignin	   from	  the	  original	   specimen	  that	  has	  
never	   been	   irradiated	  with	   electron	  beam	   from	  Sigma.	  Also,	   picture	   (b)	   and	   (d)	   are	   the	   lignin	   sample	  
irradiated	   at	   403	   kGy.	   The	   comparison	   of	   the	   anatomical	   effect	   obtained	   from	   different	   dosages	   of	  
irradiation	   is	  hard	   to	  distinguish	   from	  both	  high	  and	   low	  magnification	   image	   from	   the	  STEM	  and	   the	  
SEM	  as	  a	  result	  of	  the	  features	  of	  the	  specimen	  itself.	  	  
The	   illustration	   from	   Figure	   3.4	   (a)	   is	   the	   original	   alpha	   cellulose	   fiber	   from	   Sigma	   without	  
coating	  with	  gold	  at	  1	  keV,	  and	   (b)	   is	   the	  wood	  pulp	   irradiated	  at	  403	  kGy	  and	  gold	   coated.	  Both	   the	  
result	   from	  Bouchard	  et	   al.	  with	   cellulose	   fiber	   and	   Joy	  et	   al.	  with	   carbon	   found	   that	   the	   low	  voltage	  
electron	  beams	  have	  a	  higher	  impact	  on	  biological	  specimens	  than	  high	  voltage	  electron	  beams.	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No	   quantifiable	   difference	   is	   observed	   between	   cellulose	   fibers	   receiving	   0	   and	   403	   kGy	   of	  
irradiation	   in	   a	   transmission	   image	  Figure	  3.5.	  However,	   the	  Z-­‐contrast	   image	   from	  pine	  presented	   in	  
Figure	  3.6	  for	  both	  (a)	  and	  (b)	  was	  taken	  from	  the	  same	  specimen	  but	  in	  a	  different	  area.	  	  The	  black	  spot	  
found	   in	   picture	   (Figure	   3.5	   (b))	   is	   rarely	   seen	   for	   the	   non-­‐electron	  beam	   irradiation	   treatment.	   Also,	  
there	  might	  be	  the	  presence	  of	  heavier	  trace	  elements	  in	  that	  area.	  
All	  images	  in	  Figure	  3.7	  came	  from	  the	  same	  specimen	  but	  different	  locations.	  This	  switchgrass	  
specimen	  was	  cut	  with	  a	  glass	  knife	  and	  shipped	  to	  make	  the	  irradiation	  at	  148	  kGy.	  The	  result	  showed	  
that	  the	  distribution	  of	  the	  radiation	  damage	  was	  not	  consistent	  within	  the	  same	  plant	  tissue	  embedded	  
with	   epoxy	   resin	   as	   shown	   by	   the	   increase	   of	   the	   dark	   spot	   starting	   from	   none	   in	   (a)	   and	   reach	   the	  
maximum	  of	  about	  70%	  of	  the	  whole	  image	  area	  in	  picture	  (f).	  	  	  
	   The	   Z-­‐contrast	   image	   (a)	   and	   SE	   image	   (b)	   of	   Figure	   3.8	   imaged	   with	   the	   STEM	   at	   200	   keV.	  
Picture	   	   (a)	   show	   the	   small	   size	   of	   crystal	   lattice	   of	   saccharides	   stayed	   in	   the	   middle	   of	   the	   grid.	  
Furthermore,	  picture	  (b)	  illustrates	  the	  saccharide	  crystal	  presented	  in	  the	  high	  magnification.	  	  Both	  of	  
these	   pictures	   are	   obtained	   from	   an	   aliquot	   taken	   from	   cellulose	   from	   pine	   enzyme	   hydrolysis	  
experiment.	  
	  Part	  II:	  The	  impact	  of	  electron	  beams	  to	  the	  chemical	  components	  
The	  glucose	  production	  over	  time	  as	  a	  result	  of	  cellulose	  enzyme	  hydrolysis	  from	  three	  types	  of	  
plant	  biomass	  along	  with	  alpha	  cellulose	  fiber	  used	  as	  a	  control	  treatment	  is	  represented	  in	  Figure	  3.9-­‐
3.12.	  The	  percent	  weight	  of	  glucose/cellulose	  on	  the	  Y-­‐axis	  was	  calculated	  based	  on	  the	  concentration	  of	  
glucose	   divided	   by	   the	   approximate	   amount	   of	   cellulose	   from	   each	   type	   of	   biomass	   to	   allow	   for	  
comparison	  among	  different	   types	  of	  biomass.	   The	  additional	   raw	  data	   table	   is	   shown	   in	  Appendix	  A	  
Table	  1-­‐8.	  The	  ANOVA	  for	  the	  amount	  of	  glucose	  production	  from	  all	  different	  types	  of	  biomass	  shows	  a	  
considerably	  change	  over	  time	  (P<	  0.0001).	  Additionally,	  the	  graph	  from	  Figure	  3.13	  helps	  compare	  the	  
relationship	  between	  two	  factors,	  which	  are	  biomass	  types	  and	  dosages	  of	  irradiation.	  
The	   result	   of	   glucose	   production	   from	   cellulose	   in	   Figure	   3.9	   shows	   the	   significant	   effect	   of	  
dosages	   to	   cellulose	   (P<	   0.0001).	   However,	   the	   control	   treatment	   has	   the	   highest	   yield	   of	   glucose	  
production.	  Although	  the	  primary	  product	  of	  the	  irradiation	  of	  cellulose	  would	  confer	  glucose,	  there	  are	  
some	  degradation	  products	  of	  glucose	  molecules	  associated	  with	  irradiation	  [Mee,	  1987].	  For	  instance,	  
the	  large	  amount	  of	  gluconic	  acid	  and	  the	  change	  of	  cellobiose	  molecules	  as	  a	  result	  of	  ionizing	  radiation	  
were	   found	   [Mee,	   1987].	   The	   increase	   of	   dosages	   tends	   to	   be	   lower	   the	   yield	   or	   have	   the	   strong	  
negative	   relationship	   (P=0.15,	   r=-­‐0.74)	   as	   the	   treatment	   of	   148	   kGy	   has	   the	   lowest	   yield	   of	   glucose	  
production.	  	  	  
For	   pine,	   a	   significant	   increase	   in	   percent	   glucose	   from	   HPLC	   is	   observed	   (Figure	   3.10).	   	   The	  
positive	  strong	  correlation	  between	  the	  higher	  of	  doses	  and	  glucose	  production	  from	  pine	  was	  found	  (r	  
=	   0.97,	   P<0.01).	   Almost	   three	   fold	   increases	   from	   control	   treatment	   of	   glucose	   production	   were	  
observed	  at	  403	  kGy	  from	  9.4	  to	  27%.	  Similar	  to	  pine,	  yellow	  poplar	  has	  the	  strong	  positive	  correlation	  
between	  the	   increase	  of	  doses	  and	  glucose	  production	   (r	  =	  0.8,	  P=	  0.01)	  as	  shown	   in	  Figure	  3.11.	  The	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hypothesis	  for	  the	  substantially	  increase	  of	  glucose	  production	  for	  woody	  biomass	  is	  that	  cellulose	  fibers	  
from	  woody	   biomass	   embedding	   in	   the	   large	   amount	   of	   lignin.	   The	   recalcitrance	  matrix	   of	   lignin	   and	  
hemicelluloses	   turn	   to	   be	   helpful	   for	   this	   case.	   The	   radiolysis	   mechanisms	   of	   glucose	   polymers	   from	  
cellulose	  fibers	  are	  possibly	  confer	  the	  damage	  to	  the	  lignin	  (see	  the	  change	  of	  absorbance	  spectra	  for	  
pine,	  poplar	  and	  lignin	  alkali	  from	  Sigma	  in	  Appendix	  A).	  Then	  the	  mechanisms	  stopped	  or	  only	  primarily	  
excise	  the	  glycosidic	  linkage,	  but	  not	  undergo	  a	  final	  degradation	  step	  that	  involves	  breaking	  the	  bonds	  
within	   the	  6	  carbons	  cyclic	   ring.	  The	  glucose	  and	  cellobiose	  molecules	  are	  still	   stable	  and	  do	  not	   form	  
gluconic	  acid	  because	  of	   the	  protective	   layer	   from	  the	  matrix	  of	   lignin	   that	  helps	  minimize	  damage	  to	  
cellulose	  molecules.	  Thus,	  these	  are	  the	  double	  benefits	   in	  which	  one	   is	  unzip	  the	   lignin	  structure	  and	  
one	  another	  is	  the	  increase	  of	  cellulose	  accessibility	  that	  has	  already	  have	  the	  chain	  scissioning	  or	  excise	  
the	  glycosidic	  bonds.	  	  The	  result	  of	  switchgrass	  enzyme	  hydrolysis	  is	  similar	  to	  cellulose	  because	  of	  the	  
negative	  correlation	  between	  increasing	  dosages	  and	  the	  amount	  of	  glucose	  (r	  =	  -­‐0.75,	  P=0.15)	  as	  shown	  
by	   Figure	   3.12.	   Grass	   cell	   walls	   have	   lower	   lignin	   content,	   and	   consequently,	   the	   increasing	   dose	  
severely	  affects	  the	  yield	  of	  glucose.	  
In	  conclusion	  from	  Figure	  3.13,	  dosages,	  biomass	  types,	  and	  the	  interaction	  between	  these	  two	  
factors	   have	   significant	   affect	   on	   yields	   (P<	   0.0001).	   Cellulose	   has	   the	   highest	   yield	   of	   glucose	  
production,	   in	   contrast,	   pine	   has	   the	   lowest	   yield	   of	   %	   weight	   glucose/	   cellulose.	   Cellulose	   and	  
switchgrass	  tend	  to	  have	  lower	  yield	  as	  the	  dose	  increase.	  On	  the	  other	  hand,	  pine	  and	  poplar	  have	  their	  
highest	  yields	  at	  403	  kGy.	  
Furthermore,	  the	  approximate	  rate	  of	  cellulose	  enzyme	  hydrolysis	  obtained	  from	  the	  final	  yield	  
divided	   by	   time	   was	   shown	   in	   Figure	   3.14.	   	   Swithgrass	   has	   the	   highest	   rate	   of	   cellulose	   enzyme	  
hydrolysis.	  Based	  on	  the	  NREL	  database	  from	  the	  U.S	  Department	  of	  Energy,	  Biomass	  Program	  website	  
(http://www1.eere.energy.gov/biomass/feedstock_databases.html), switchgrass	   (33.58%)	  
contain	  the	   lowest	  average	  amount	  of	  cellulose	  when	  comparing	  with	  pine	  that	  has	  41.7%	  and	  poplar	  
containing	   42.06%	   of	   cellulose	   within	   plant	   cell	   walls.	   Grass	   cell	   walls	   generally	   contain	   the	   lowest	  
amount	  of	  lignin	  when	  compared	  with	  woody	  plant	  cell	  walls.	  The	  lignin	  significantly	  impacts	  the	  rate	  of	  
cellulose	  enzyme	  hydrolysis	   because	   it	  minimizes	   enzyme	  accessibility	   [Bansal	   et	   al.,	   2009]	  Moreover,	  
the	   image	   from	   switchgrass	   specimens	   frequently	   found	   the	   starch	   granules	   in	   several	   areas	   of	   their	  
transport	   channel	   as	   shown	   by	   Figure	   3.15.	   Meanwhile,	   the	   starch	   particles	   presented	   in	   poplar	  
specimen	   is	   rarely	   seen	  and	   found	   from	  only	  one	  area	  as	   seen	   in	  Figure	  3.16.	  Also,	   recently,	   hexoses	  
were	   found	   to	   be	   a	   type	   of	   carbohydrate	   transport	   in	   phloem	  besides	   pentose	   [Bel	   and	  Hess,	   2008].	  
Therefore,	  monocot	   biomass	   like	   corn	   and	   switchgrass	   has	   some	   additional	   sugar	   leftover	   from	   their	  
phloem	  distributed	  in	  their	  stem.	  Meanwhile,	  woody	  biomass	  has	  their	  phloem	  close	  to	  their	  bark.	  Their	  
stems	  are	  primarily	  xylem	  that	  contains	  the	  thick	   lignified	  wall.	   	  These	  consequences	  above	  confer	  the	  
initial	   high	   sugar	   at	   the	   starting	   point,	   especially	   for	   switchgrass	   as	   shown	   by	   Figure	   3.17.	   Also,	   the	  
cellulase	   enzyme	   as	   well	   as	   the	   biomass	   themselves	   also	   contain	   glucose	   as	   shown	   by	   the	   HPLC	  
chromatogram	  in	  Appendix	  B.	  
Dosages,	   types,	   and	   the	   interaction	   between	   these	   two	   factors	   are	   statistically	   different	   (P<	  
0.0001)	   and	   impacts	   to	   the	   crystallinity	   of	   cellulose	   as	   shown	   by	   Figure	   3.18.	   The	   correlation	   among	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dosages	  to	  each	  biomass	  type	  which	  is	  cellulose,	  pine,	  poplar	  and	  switchgrass	  is	  0.91,	  -­‐0.73,	  -­‐0.87	  and	  -­‐
0.042	  respectively.	  The	  increase	  of	  dosages	  is	  strongly	  associated	  with	  the	  increase	  in	  %	  crystallinity	  for	  
alpha	  cellulose	  fiber	  (r=0.91).	  On	  the	  other	  hand,	  the	  increase	  of	  dosages	  is	  strongly	  correlated	  with	  the	  
decrease	   in	  %	   crystallinity	   for	   pine	   and	   poplar	   (r=-­‐0.73,	   -­‐0.87).	   Noticeably,	   the	   increase	   of	   irradiation	  
dosages	  has	  no	  relationship	  to	  the	  amount	  of	  crystallinity	  of	  switchgrass	  (r=-­‐0.042).	  
Switchgrass	   has	   the	   highest	   percent	   crystallinity	   but	   still	   has	   the	   higher	   yield	   of	   glucose	  
production	  than	  pine	  which	  has	  the	  lowest	  yield	  of	  glucose	  production.	  Therefore,	  cellulose	  crystallinity	  
may	  not	  really	  be	  the	  predominant	  drawback	  to	  bioethanol	  industry	  but	  lignin	  instead.	  	  
As	  shown	  by	  Figure	  3.19,	  the	  strong	  negative	  correlation	  between	  %	  crystallinity	  and	  %	  weight	  
glucose/	  cellulose	  was	  found	  in	  pine	  (r	  =	  -­‐0.67,	  P=0.2),	  cellulose	  (r	  =	  -­‐0.69,	  P=0.2	  )	  and	  poplar	  (r	  =	  -­‐0.72,	  
P=0.2	   ).	   However,	   no	   relationship	   was	   found	   for	   switchgrass	   (r	   =	   -­‐0.09,	   P=0.1).	   This	   indicated	   that	  
cellulose	  crystallinity	  has	  the	  strong	  adverse	  effect	  to	  glucose	  production	  of	  wood	  but	  not	  switchgrass.	  
The	  strong	  negative	  correlation	  of	  cellulose	  enzyme	  hydrolysis	  reaction	  and	  %	  crystallinity	  was	  
found	  in	  poplar	  (r	  =	  -­‐0.68,	  P=	  0.21)	  as	  shown	  in	  Figure	  3.20.	  Similarly,	  the	  moderate	  negative	  correlation	  
was	  found	  in	  pine	  (r	  =	  -­‐0.63,	  P=	  0.26)	  as	  well	  as	  cellulose	  (r	  =	  -­‐0.52,	  P=	  0.37)	  	  	  In	  contrast,	  switchgrass	  has	  
the	  weak	  negative	  correlation	  (r	  =	  -­‐0.21,	  P=	  0.73).	  The	  result	  suggested	  that	  cellulose	  crystallinity	  has	  the	  
strong	   negative	   effect	   to	   the	   rate	   of	   cellulose	   enzyme	   hydrolysis	   from	   yellow	   poplar	   as	   well	   as	   the	  
moderate	   adverse	   effect	   to	   the	   pine	   and	   cellulose	   respectively.	   Still,	   cellulose	   crystallinity	   has	   little	  
negative	  effect	  to	  the	  rate	  of	  glucose	  production	  of	  cellulose	  fibers	  located	  in	  the	  switchgrass	  cell	  wall.	  
The	  correlation	  between	  the	  rate	  of	  enzyme	  hydrolysis	  and	  the	  final	  yield	  of	  glucose	  production	  
was	  found	  to	  have	  the	  strong	  relationship	  for	  cellulose	  and	  yellow	  poplar	  at	  (r	  =	  0.97,	  P<	  0.01)	  and	  (r	  =	  
0.74,	  P=	  0.15)	  respectively	  as	  seen	  in	  Figure	  3.21	  above.	  The	  perfect	  positive	  relationship	  was	  found	  in	  
pine	  (r	  =	  0.99,	  P<	  0.01)	  and	  switchgrass	  (r	  =	  1,	  P<	  0.01).	  The	  correlation	  indicated	  that	  the	  reaction	  rate	  
and	  the	  yield	  of	  glucose	  production	  are	  strongly	  relevant	  to	  each	  other.	  
	  
Conclusion	  
Substrate	   inhibition	   and	   substrate	   heterogeneity	   is	   a	   significant	   drawback	   to	   biorefinery	  
industry.	  The	  result	  from	  the	  irradiation	  to	  each	  plant	  type	  is	  in	  accordance	  with	  the	  evolution	  of	  plant	  
cell	   walls.	   Pine	   or	   gymnosperms	   show	   the	   most	   promising	   effect	   when	   comparing	   with	   poplar	   and	  
switchgrass.	   The	   impact	   of	   electron	   beam	   could	   potentially	   change	   or	   collapse	   most	   of	   the	   lignin	  
chemical	   structure	   for	   pine.	   The	   almost	   triple	   increase	   of	   sugar	   production	   was	   found	   in	   pine	   and	  
doubles	   in	   poplar	  with	   the	   treatment	   403	   kGy.	   Yellow	   poplar	   benefits	   from	   the	   pretreatment	  with	   a	  
reduction	   in	   crystallinity	   rather	   than	  a	   change	   in	   lignin	   structure.	  The	   strong	  correlation	  of	  decreasing	  
percent	   crystallinity	   at	   higher	   dosages	   was	   found	   in	   poplar	   to	   relate	   to	   an	   increase	   in	   glucose.	  
Switchgrasses	  or	  monocotylenous	  plants	  are	  on	  the	  top	  of	  the	  advancement	  of	  the	  plants’	  evolution	  and	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have	  the	  most	  complexity	  of	  plant	  cell	  walls	  design	  as	  well	  as	  their	  chemical	  structure	  of	  lignin.	  Thus,	  the	  
impact	  of	  electron	  beams	  could	  not	  be	  able	  to	  have	  much	  impact	  to	  the	  plant	  cell	  walls	  of	  switchgrass.	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Part	  I:	  The	  results	  of	  electron	  beams	  interaction	  through	  the	  anatomical	  
structure	  
	  
	  
Figure	  3.1	  The	  interaction	  between	  electron	  beams	  at	  12	  MeV	  and	  carbon	  occurred	  at	  10000	  trajectories	  	  	  	  
	  
	  
Figure	  3.2	  The	  discoloration	  of	  cellulose	  fiber	  and	  wood	  pulp	  paper	  at	  high	  dosages	  as	  a	  result	  of	  the	  oxidation	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  
Figure	  3.3	  Secondary	  electron	  image	  from	  the	  SEM	  and	  the	  STEM	  comparing	  between	  control	  treatment	  from	  
image	  (a)	  and	  (c)	  and	  the	  highest	  dose	  of	  irradiation	  at	  403	  kGy	  from	  picture	  (b)	  and	  (d)	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure3.	  4	  The	  SEM	  image	  of	  alpha	  cellulose	  fiber	  (a)	  and	  wood	  pulp	  that	  has	  been	  irradiated	  at	  403	  kGy	  (c)	  
	  	   	  
(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  3.5	  The	  transmission	  image	  (TE)	  at	  the	  high	  resolution	  from	  the	  STEM	  of	  the	  control	  cellulose	  sample	  (a)	  
and	  the	  cellulose	  fiber	  after	  treated	  with	  the	  highest	  dose	  of	  irradiation	  at	  403	  kGy	  (b)	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  3.6	  The	  atomic	  Z	  contrast	  image	  from	  the	  STEM	  of	  pine	  from	  the	  control	  treatment	  0	  kGy	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  
	   	  	   	  	  	  	  
(e)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   (f)	  
Figure	  3.7	  The	  Z-­‐contrast	  micrograph	  of	  switchgrass	  irradiated	  at	  148	  kGy	  from	  (a)	  -­‐	  (f)	  derived	  from	  the	  same	  
thin	  knife	  sectioned	  specimen	  put	  inside	  of	  the	  oyster	  grid	  but	  taking	  the	  image	  from	  the	  different	  area	  of	  the	  
grid	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  3.8	  	  The	  lattice	  of	  saccharide	  from	  the	  aliquot	  of	  cellulose	  enzyme	  hydrolysis	  reaction	  
	  
	  
	  	  Part	  II:	  The	  impact	  of	  electron	  beams	  to	  the	  chemical	  components	  
	  
Figure	  3.9	  Glucose	  production	  of	  cellulose	  enzyme	  hydrolysis	  after	  pretreated	  with	  five	  dosages	  of	  electron	  
beam	  irradiation	  (R=	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Figure	  3.10	  Pine	  cellulose	  enzyme	  hydrolysis	  after	  pretreated	  with	  five	  dosages	  of	  electron	  beam	  irradiation	  
	  
Figure	  3.11	  Yellow	  poplar	  cellulose	  enzyme	  hydrolysis	  after	  pretreated	  with	  five	  dosages	  of	  electron	  beam	  
irradiation	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Figure	  3.12	  Switchgrass	  cellulose	  enzyme	  hydrolysis	  after	  pretreated	  with	  five	  dosages	  of	  electron	  beam	  
irradiation	  
	   	  
Figure	  3.13	  The	  final	  yield	  of	  cellulose	  enzyme	  hydrolysis	  from	  four	  types	  of	  biomass	  that	  were	  applied	  the	  same	  
five	  dosages	  of	  irradiation	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Figure	  3.14	  The	  comparison	  of	  the	  rate	  obtained	  from	  cellulose	  enzyme	  hydrolysis	  from	  four	  types	  of	  biomass	  
that	  were	  applied	  the	  same	  five	  dosages	  of	  irradiation	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(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	   	  
(c) 	  	  	   	   	   	   	   	   (d)	  	  
Figure	  3.15	  The	  starch	  granules	  of	  switchgrass	  at	  403	  	  kGy	  from	  many	  areas	  and	  easily	  accessible	  for	  the	  
enzymatic	  reactions	  	  	  
0 	  
(a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  3.16	  The	  starch	  granules	  of	  poplar	  at	  80	  kGy	  from	  lower	  magnification	  (a)	  to	  higher	  magnification	  at	  the	  
same	  area	  (b)	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Figure	  3.17	  The	  initial	  glucose	  of	  presented	  in	  biomass	  enzyme	  hydrolysis	  at	  time	  zero	  	  	  
	  
Figure	  3.18	  The	  percent	  crystallinity	  from	  four	  biomass	  types	  along	  with	  the	  irradiation	  treatments	  applied	  to	  
each	  type	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Figure3.	  19	  The	  correlation	  between	  percent	  crystallinity	  and	  glucose	  production	  of	  biomass	  that	  has	  been	  
irradiated	  for	  five	  dosages	  
	  
Figure	  3.20	  The	  correlation	  between	  percent	  crystallinity	  and	  reaction	  rate	  for	  each	  group	  of	  biomass	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Figure	  3.21	  The	  correlation	  between	  the	  yield	  of	  glucose	  production	  and	  reaction	  rate	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	   71	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Chapter	  4	  
Conclusion	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	   72	  
	  
Chapter	  4	  
Conclusion	  
The	   complex,	   heterogeneous	   plant	   cell	   walls	   have	   become	   crucial	   to	   characterize	   for	   both	  
anatomical	   and	   chemical	   aspects	   for	   the	   concerted	   effort	   as	   part	   of	   the	   sustainable	   development	   of	  
renewable	   energy	   using	   biomass.	   The	   study	   of	   plant	   cell	   wall	   deconstruction	   using	   electron	   beam	  
irradiation	   has	   provided	   fundamental	   knowledge	   starting	   from	   how	   electrons	   interact	   with	   biomass	  
materials	  through	  the	  analysis	  and	  quantification	  of	  its	  effect	  to	  plant	  cell	  walls	  ultrastructure.	  Further,	  
insight	   has	   been	   gained	   on	   the	   effect	   of	   irradiation	   on	   individual	   cell	   wall	   components.	   The	   future	  
possibility	  for	  the	  production	  of	  bioethanol	  using	  electron	  beam	  irradiation	  as	  a	  pretreatment	  has	  been	  
investigated	  for	  both	  physical	  structures	  and	  chemical	  components.	  	  
The	   cellulose	   enzyme	   hydrolysis	   experiment	   assessed	   the	   possibility	   of	   electron	   beam	  
pretreatment	   for	   the	   production	   of	   bioethanol.	   The	   underlying	   hypothesis	   is	   that	   e-­‐beam	   irradiation	  
disrupts	   the	   lignin	   polysaccharide	   complex	   and	   reduces	   the	   crystallinity	   of	   cellulose.	   	   High	   doses	   of	  
irradiation,	   biomass	   types	   and	   the	   interaction	   between	   these	   two	   factors	   considerably	   impact	   the	  
production	  of	  glucose	  in	  both	  poplar	  and	  pine.	  The	  electron	  beam	  irradiation	  did	  not	  significantly	  impact	  
the	   cellulose	   crystallinity	  and	  may	  have	  a	   slight	  negative	   impact	  on	  glucose	  production	  of	   switchgrass	  
and	  pure	  cellulose.	  The	  change	  in	  two	  biomass	  recalcitrance,	  lignin	  and	  cellulose	  crystallinity,	  from	  the	  
effect	  of	  electron	  beam	  pretreatment	  was	   found	   from	  the	  shift	   in	  percentage	  of	   cellulose	  crystallinity	  
determined	  by	  x-­‐ray	  diffraction	  and	  some	  chemical	  functionality	  presented	  in	  the	  change	  in	  absorbance	  
spectra	  from	  Fourier	  Transform	  Infrared	  Spectrometer	  (FTIR).	  	  
Imaging	   technology	   using	   electron	   microscopes	   is	   heavily	   used	   to	   help	   decipher	   biomass’s	  
anatomical	  structure;	  however,	  the	  challenge	  of	  specimen	  preparation	  and	  the	  electron	  beam	  damage	  
to	  the	  specimen	  make	  it	  a	  drawback	  for	  the	  application	  of	  the	  tool	  to	  achieve	  its	  full	  capability	  or	  going	  
up	   to	   the	   highest	   possible	   resolution.	   Monte	   Carlo	   simulation	   helps	   generate	   fundamental	  
understanding	  of	  the	  results	  presented	  in	  the	  image	  from	  different	  beam	  energy	  as	  well	  as	  the	  different	  
densities	  of	  a	  heterogenous	  specimen.	  Different	  beam	  energies	  profoundly	  impact	  the	  image	  formation	  
of	  biomass	  specimens,	  and	  at	   low	  beam	  energies,	  the	  electron	  beam	  collapses	  the	  specimen	  structure	  
more	  than	  the	  high	  beam	  energy.	  The	  focused	  ion	  beam	  help	  discover	  the	  transport	  channel	  and	  plant	  
cell	   walls	   components	   at	   the	   sub-­‐micron	   size	   and	   be	   able	   to	   help	   discard	   an	   epoxy	   resin	   embedding	  
media	  that	  covered	  the	  surface	  of	  a	  thin	  biomass	  specimen	  within	  the	  STEM	  grid.	  
This	  study	  is	  a	  part	  of	  the	  ongoing	  effort	  to	  find	  novel	  technology	  that	   is	  able	  to	  help	  facilitate	  
the	  production	  of	  energy	  from	  renewable	  resource	  and	  minimize	  the	  dependence	  on	  oil.	  The	  goal	  that	  a	  
physical	  pretreatment	  that	  does	  not	  depend	  on	  harmful	  chemical	  by	  products	  has	  demonstrated	  some	  
potential	   in	   this	   work	   by	   yielding	   higher	   glucose	   yields	   for	   woody	   biomass	   then	   samples	   without	  
pretreatment.	  	  We	  anticipate	  this	  may	  be	  part	  of	  a	  potential	  solution	  to	  minimize	  biomass	  recalcitrance	  
as	  well	  as	  minimize	  the	  chemical	  pollution	  from	  the	  production	  of	  biofuels.	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Appendix	  A:	  Supplementary	  of	  FTIR	  absorbance	  spectrum	  and	  raw	  data	  of	  glucose	  production	  	  
	  
Fourier	  Transform	  Infrared	  Spectrometer	  (FTIR)	  In	  order	  to	  detect	  the	  effect	  of	  chemical	  functionality	  changed	  as	  a	  result	  of	  the	  bombardment	  
by	  electron	  beams,	  FT-­‐IR	  with	  an	  attenuated	   total	   reflectance	   (ATR)	   from	  Perkin-­‐Elmer	  were	  used	   to	  conduct	  all	   spectra.	  The	   fine	  powder	  of	  
switchgrass,	  pine	  and	  poplar	  along	  with	  cellulose	  and	  lignin	  from	  Sigma-­‐Aldich	  were	  measured.	  Five	  spectra	  were	  collected	  for	  each	  treatment	  
with	  eight	   scans	  at	   the	   resolution	  of	  4	  cm-­‐1	  within	   the	   range	  of	  Mid-­‐Infrared	   (IR)	   from	  650	   to	  4000	  cm-­‐1.	  The	  Unscrambler	  9.0	  software	   from	  
CAMO	  Software	  Inc.	  was	  used	  to	  analyze	  the	  result	  by	  averaging	  five	  replicates	  of	  spectra.	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Figure	  1	  The	  average	  spectra	  of	  the	  pretreated	  cellulose	  fiber	  with	  electron	  beam	  irradiation	  from	  five	  treatements	  was	  shown	  by	  the	  difference	  in	  color	  	  
The	  vinyls	  groups	  (C	  =	  )	  were	  found	  at	  all	  dosages	  at	  an	  absorbance	  1650	  cm-­‐3	  as	  seen	  from	  the	  X-­‐axis	  of	  above.	  However,	  the	  presence	  
of	  aliphatic	  ester	  groups	  were	  found	  only	  in	  cellulose	  irradiated	  at	  403	  kGy	  at	  the	  absorbance	  1730	  cm-­‐3	  but	  not	  found	  in	  any	  other	  dosage	  of	  
irradiation	  as	  seen	  by	  the	  area	  with	  an	  arrow.	  Consequently,	  the	  previous	  report	  from	  Bouchard	  et	  al.	  that	  carbonyl	  groups	  (C=O)	  increase	  with	  a	  
linear	   relationship	  at	   the	  higher	  dosages	  of	   irradiation	  would	  probably	   relevance	   to	   the	   increase	  of	   the	  un-­‐conjugated	   carbonyl	   group	  at	   the	  
higher	  dosage	  of	  irradiation	  more	  than	  the	  conjugated	  carbonyl	  group.	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Figure	  2	  The	  average	  spectra	  of	  the	  pretreated	  pine	  with	  electron	  beam	  irradiation	  from	  five	  dosages	  of	  irradiation	  	  
The	  un-­‐conjugated	  carbonyl	  group	  (C=O)	  at	  the	  absorbance	  of	  1693	  cm-­‐3	  of	  pine	  is	  present	  in	  Figure	  12	  as	  above.	  The	  reduction	  of	  the	  
absorbance	  at	  1700	  cm-­‐1	  of	  the	  conjugated	  carbonyl	  group	  was	  found	  in	  pine	  at	  all	  doses	  and	  disappeared	  at	  403	  kGy.	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Figure	  3	  The	  average	  spectra	  of	  the	  pretreated	  yellow	  poplar	  from	  the	  pretreatment	  of	  electron	  beam	  irradiation	  
As	  shown	  by	  Figure	  13	  above,	  the	  increase	  of	  aliphatic	  esters,	  cellulose	  peak	  and	  guaiacyl	  lignin	  was	  found	  at	  the	  absorbance	  of	  1732,	  
1028	  and	  1238	  cm-­‐1	  respectively.	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Figure	  4	  The	  average	  spectra	  of	  switchgrass	  which	  has	  been	  irradiated	  with	  electron	  beam	  	  
	   There	  are	  conjugated	  carbonyl	  groups	  (1650	  cm-­‐3	  )	  present	  in	  all	  treatments	  of	  switchgrass	  as	  shown	  by	  Figure	  14	  above	  as	  well	  as	  the	  
un-­‐conjugated	  carbonyl	  groups	  also	  found	  at	  the	  absorbance	  of	  1710	  cm-­‐3	  similar	  to	  the	  403	  kGy	  treatment	  of	  cellulose.	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Figure	  5	  The	  average	  spectra	  of	  switchgrass	  which	  has	  been	  irradiated	  with	  electron	  beam	  at	  the	  absorbance	  range	  between	  1800	  –	  650	  cm-­‐3	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Figure	  6	  The	  average	  spectra	  of	  lignin	  which	  has	  been	  irradiated	  with	  electron	  beam	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Table	  1	  	  Percent	  weight	  of	  glucose/	  cellulose	  of	  cellulose	  enzyme	  hydrolysis	  over	  time	  from	  all	  dosages	  of	  electron	  beam	  irradiation	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0.00	   8.84	   7.76	   9.38	   7.48	   8.13	   7.69	   7.69	   4.01	   8.41	   8.93	  
1.00	   26.57	   22.16	   18.84	   16.43	   16.70	   16.58	   16.99	   9.26	   19.60	   17.50	  
2.00	   28.68	   30.05	   23.26	   20.98	   21.90	   21.65	   21.10	   12.79	   23.69	   20.59	  
6.00	   44.45	   46.97	   36.99	   35.81	   34.92	   33.13	   31.67	   22.46	   38.85	   33.17	  
9.00	   55.36	   53.40	   42.92	   41.36	   41.08	   38.04	   38.74	   39.80	   43.77	   40.52	  
12.00	   60.04	   58.44	   48.81	   47.10	   46.83	   44.54	   42.80	   41.44	   49.92	   44.64	  
24.00	   79.94	   75.24	   64.77	   63.48	   64.69	   60.71	   60.34	   55.21	   65.36	   64.08	  
48.00	   90.38	   86.93	   79.63	   83.11	   78.71	   73.41	   70.04	   67.26	   74.21	   71.09	  
72.00	   91.94	   90.52	   85.62	   83.77	   84.27	   77.85	   76.80	   69.75	   78.69	   76.95	  
96.00	   92.87	   92.54	   89.80	   87.60	   88.20	   81.48	   78.73	   77.11	   80.75	   79.15	  
Table	  2	  Percent	  weight	  of	  glucose/	  cellulose	  of	  cellulose	  enzyme	  hydrolysis	  over	  time	  from	  all	  dosages	  with	  subtraction	  of	  time	  0	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
1.00	   17.73	   14.41	   9.45	   8.95	   8.57	   8.90	   9.30	   5.25	   11.20	   8.57	  
2.00	   19.83	   22.30	   13.87	   13.50	   13.77	   13.96	   13.41	   8.78	   15.28	   11.66	  
6.00	   35.61	   39.22	   27.61	   28.32	   26.79	   25.45	   23.98	   18.45	   30.44	   24.24	  
9.00	   46.51	   45.65	   33.54	   33.87	   32.96	   30.36	   31.06	   35.79	   35.37	   31.60	  
12.00	   51.20	   50.68	   39.43	   39.62	   38.71	   36.86	   35.12	   37.43	   41.51	   35.71	  
24.00	   71.10	   67.48	   55.38	   56.00	   56.56	   53.03	   52.66	   51.20	   56.95	   55.15	  
48.00	   81.53	   79.17	   70.24	   75.63	   70.58	   65.73	   62.36	   63.25	   65.81	   62.16	  
72.00	   83.09	   82.76	   76.24	   76.29	   76.15	   70.17	   69.12	   65.74	   70.28	   68.03	  
96.00	   84.03	   84.78	   80.42	   80.11	   80.08	   73.80	   71.04	   73.10	   72.34	   70.22	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Table	  3	  Percent	  weight	  of	  glucose/	  cellulose	  of	  switchgrass	  cellulose	  enzyme	  hydrolysis	  	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0	   9.28	   9.19	   8.47	   8.96	   7.74	   7.52	   8.78	   8.16	   8.52	   8.5	  
1	   20.5	   18.58	   18.53	   19.39	   12.42	   11.89	   15.23	   15.28	   17.44	   20.33	  
2	   26.64	   22.23	   24.11	   26.42	   15.58	   14.96	   21.41	   20.1	   28.79	   31.59	  
6	   36.95	   29.85	   31.88	   35.62	   20.7	   20.16	   30.41	   30.05	   49.78	   48.76	  
9	   40.38	   32.48	   31.28	   33.57	   20.53	   21.95	   33.43	   32.51	   55.02	   53.75	  
12	   43.3	   34.73	   37	   41.46	   22.76	   23.49	   36.36	   35.93	   58.85	   58.4	  
24	   48.68	   39.33	   42.22	   47.8	   27.33	   27.07	   42.19	   41.53	   67.06	   66.6	  
48	   37.75	   36.26	   45.32	   44.18	   25.71	   24.48	   38.23	   39.24	   59.04	   58.72	  
72	   35.7	   37.95	   47.73	   46.67	   27.4	   26.42	   42.56	   42.04	   63.86	   62.73	  
96	   40.25	   39.15	   49.88	   48.4	   28.06	   27.39	   44.36	   43.05	   65.26	   65.66	  
Table	  4	  Percent	  weight	  of	  glucose/	  cellulose	  of	  switchgrass	  cellulose	  enzyme	  hydrolysis	  with	  subtraction	  at	  time	  0	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
1	   11.22	   9.39	   10.06	   10.43	   4.68	   4.37	   6.45	   7.12	   8.92	   11.83	  
2	   17.36	   13.04	   15.64	   17.46	   7.84	   7.44	   12.63	   11.94	   20.27	   23.09	  
6	   27.67	   20.66	   23.41	   26.66	   12.96	   12.64	   21.63	   21.89	   41.26	   40.26	  
9	   31.1	   23.29	   22.81	   24.61	   12.79	   14.43	   24.65	   24.35	   46.5	   45.25	  
12	   34.02	   25.54	   28.53	   32.5	   15.02	   15.97	   27.58	   27.77	   50.33	   49.9	  
24	   39.4	   30.14	   33.75	   38.84	   19.59	   19.55	   33.41	   33.37	   58.54	   58.1	  
48	   28.47	   27.07	   36.85	   35.22	   17.97	   16.96	   29.45	   31.08	   50.52	   50.22	  
72	   26.42	   28.76	   39.26	   37.71	   19.66	   18.9	   33.78	   33.88	   55.34	   54.23	  
96	   30.97	   29.96	   41.41	   39.44	   20.32	   19.87	   35.58	   34.89	   56.74	   57.16	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Table	  5	  Percent	  weight	  of	  glucose/	  cellulose	  of	  pine	  cellulose	  enzyme	  hydrolysis	  	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0.00	   6.48	   12.09	   12.26	   11.59	   12.37	   5.87	   9.33	   9.67	   6.60	   10.69	  
1.00	   16.88	   16.16	   13.72	   13.97	   13.61	   11.72	   12.22	   13.03	   15.90	   16.09	  
2.00	   15.28	   17.18	   15.54	   15.23	   16.08	   14.59	   16.51	   17.20	   22.71	   21.89	  
6.00	   13.22	   17.27	   16.37	   11.90	   16.94	   15.46	   18.00	   18.43	   22.16	   24.58	  
9.00	   12.28	   17.67	   16.84	   18.47	   17.31	   15.95	   18.84	   18.99	   27.24	   25.32	  
12.00	   18.50	   12.71	   15.66	   18.20	   17.44	   16.66	   19.41	   18.18	   28.64	   27.13	  
24.00	   19.18	   19.58	   17.58	   19.17	   18.41	   17.25	   17.36	   21.22	   31.82	   30.64	  
48.00	   19.72	   19.40	   18.42	   7.37	   19.27	   17.93	   22.10	   22.61	   35.08	   34.28	  
72.00	   20.21	   17.62	   19.20	   7.66	   19.59	   18.53	   22.57	   23.16	   36.80	   37.05	  
96.00	   17.27	   17.32	   18.60	   18.95	   20.82	   19.50	   23.18	   23.92	   36.89	   38.21	  
Table	  6	  Percent	  weight	  of	  glucose/	  cellulose	  of	  pine	  cellulose	  enzyme	  hydrolysis	  with	  subtraction	  at	  time	  0	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
1.00	   10.40	   4.07	   1.46	   2.38	   1.25	   5.85	   2.89	   3.36	   9.30	   5.40	  
2.00	   8.80	   5.09	   3.28	   3.64	   3.72	   8.73	   7.19	   7.52	   16.11	   11.19	  
6.00	   6.74	   5.18	   4.11	   0.31	   4.58	   9.59	   8.67	   8.76	   15.56	   13.88	  
9.00	   5.80	   5.58	   4.57	   6.88	   4.95	   10.08	   9.51	   9.32	   20.64	   14.63	  
12.00	   12.03	   0.62	   3.40	   6.61	   5.08	   10.79	   10.08	   8.50	   22.04	   16.43	  
24.00	   12.70	   7.49	   5.32	   7.58	   6.05	   11.38	   8.03	   11.55	   25.22	   19.95	  
48.00	   13.24	   7.31	   6.16	   -­‐4.22	   6.91	   12.06	   12.77	   12.94	   28.48	   23.59	  
72.00	   13.74	   5.53	   6.94	   -­‐3.94	   7.22	   12.67	   13.24	   13.48	   30.20	   26.36	  
96.00	   10.79	   5.23	   6.34	   7.36	   8.45	   13.63	   13.85	   14.25	   30.29	   27.51	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Table	  7	  ercent	  weight	  of	  glucose/	  cellulose	  of	  yellow	  poplar	  cellulose	  enzyme	  hydrolysis	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0	   9.28	   9.19	   8.47	   8.96	   7.74	   7.52	   8.78	   8.16	   8.52	   8.5	  
1	   20.5	   18.58	   18.53	   19.39	   12.42	   11.89	   15.23	   15.28	   17.44	   20.33	  
2	   26.64	   22.23	   24.11	   26.42	   15.58	   14.96	   21.41	   20.1	   28.79	   31.59	  
6	   36.95	   29.85	   31.88	   35.62	   20.7	   20.16	   30.41	   30.05	   49.78	   48.76	  
9	   40.38	   32.48	   31.28	   33.57	   20.53	   21.95	   33.43	   32.51	   55.02	   53.75	  
12	   43.3	   34.73	   37	   41.46	   22.76	   23.49	   36.36	   35.93	   58.85	   58.4	  
24	   48.68	   39.33	   42.22	   47.8	   27.33	   27.07	   42.19	   41.53	   67.06	   66.6	  
48	   37.75	   36.26	   45.32	   44.18	   25.71	   24.48	   38.23	   39.24	   59.04	   58.72	  
72	   35.7	   37.95	   47.73	   46.67	   27.4	   26.42	   42.56	   42.04	   63.86	   62.73	  
96	   40.25	   39.15	   49.88	   48.4	   28.06	   27.39	   44.36	   43.05	   65.26	   65.66	  
Table	  8	  Percent	  weight	  of	  glucose/	  cellulose	  of	  yellow	  poplar	  cellulose	  enzyme	  hydrolysis	  with	  subtraction	  at	  time	  0	  
	   Dosages	  (kGy)	  
Time	  
(Hr)	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
1	   11.22	   9.39	   10.06	   10.43	   4.68	   4.37	   6.45	   7.12	   8.92	   11.83	  
2	   17.36	   13.04	   15.64	   17.46	   7.84	   7.44	   12.63	   11.94	   20.27	   23.09	  
6	   27.67	   20.66	   23.41	   26.66	   12.96	   12.64	   21.63	   21.89	   41.26	   40.26	  
9	   31.1	   23.29	   22.81	   24.61	   12.79	   14.43	   24.65	   24.35	   46.5	   45.25	  
12	   34.02	   25.54	   28.53	   32.5	   15.02	   15.97	   27.58	   27.77	   50.33	   49.9	  
24	   39.4	   30.14	   33.75	   38.84	   19.59	   19.55	   33.41	   33.37	   58.54	   58.1	  
48	   28.47	   27.07	   36.85	   35.22	   17.97	   16.96	   29.45	   31.08	   50.52	   50.22	  
72	   26.42	   28.76	   39.26	   37.71	   19.66	   18.9	   33.78	   33.88	   55.34	   54.23	  
96	   30.97	   29.96	   41.41	   39.44	   20.32	   19.87	   35.58	   34.89	   56.74	   57.16	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Table	  9	  The	  percent	  crystallinity	  from	  three	  types	  of	  plant	  biomass	  and	  controled	  treatment	  of	  cellulose	  
	   Dosages	  of	  electron	  beam	  (kGy)	  
Biomass	   0	  kGy	   54	  kGy	   80	  kGy	   148	  kGy	   403	  kGy	  
	  	   Mean	   SEM	   N	   Mean	   SEM	   N	   Mean	   SEM	   N	   Mean	   SEM	   N	   Mean	   SEM	   N	  
cellulose	   43.11	   0.81	   2.00	   42.26	   0.67	   3.00	   44.41	   0.81	   3.00	   43.62	   0.43	   3.00	   47.52	   1.50	   2.00	  
pine	   31.85	   1.15	   3.00	   30.74	   0.30	   3.00	   33.67	   0.21	   3.00	   30.39	   0.29	   3.00	   29.23	   0.65	   2.00	  
poplar	   34.85	   2.65	   3.00	   25.63	   0.36	   3.00	   32.63	   1.76	   3.00	   25.99	   0.31	   3.00	   17.59	   0.47	   3.00	  
switchgrass	   48.46	   1.93	   3.00	   46.99	   1.14	   3.00	   50.26	   2.27	   3.00	   45.18	   1.29	   3.00	   46.91	   0.73	   3.00	  
	  
Please	  note:	  N	  is	  the	  number	  of	  replicate	  and	  SEM	  is	  standard	  errors.	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Appendix	  B:	  HPLC	  chromatograms	  of	  blank	  reactions	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Appendix	  C:	  Samples	  before	  and	  after	  ship	  to	  Sterigenics,	  Inc.	  	  
The	  arrangement	  of	  samples	  before	  shipping	  to	  make	  the	  electron	  beam	  irradiation	  with	  Sterigenics,	  
Inc.	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The	  darkening	  in	  color	  of	  alpha	  cellulose	  fiber	  at	  higher	  dosages	  after	  obtaining	  electron	  beam	  
pretreatments.	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Appendix	  D:	  Specimen	  preparation	  for	  electron	  microscopes	  and	  Wide	  angle	  X-­‐
Ray	  diffraction	  (WAXD)	  
Switchgrass	  stem	  embedded	  in	  Spurr	  epoxy	  resin	  and	  cut	  with	  an	  ultramicrotome	  
	  
	  	   	  
Specimen	  preparation	  with	  the	  STEM	  rod	  before	  inserting	  into	  the	  STEM	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Coating	  with	  gold	  for	  SEM	  samples	  
	  	   	  
The	  ground	  powder	  samples	  were	  pressed	  into	  the	  sample	  holder	  of	  the	  WAXD	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Appendix	  E:	  Scanning	  electron	  micrographs	  of	  biomass	  samples	  irradiated	  with	  
a	  dose	  of	  0	  kGy	  
	  
alpha	  	  cellulose	  fiber	  imaged	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  the	  STEM	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  surface	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Appendix	  F:	  Scanning	  electron	  micrographs	  of	  biomass	  samples	  irradiated	  with	  
a	  dose	  of	  80	  kGy	  
	  
alpha	  cellulose	  fiber	  imaged	  with	  the	  SEM	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  imaged	  with	  the	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switchgrass	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thin	  section	  of	  switchgrass	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Appendix	  G:	  Scanning	  electron	  micrographs	  of	  switchgrass	  specimen	  irradiated	  
with	  a	  dose	  of	  148	  kGy	  
	  
thin	  section	  of	  switchgrass	  imaged	  with	  the	  STEM	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Appendix	  H:	  Scanning	  electron	  micrographs	  of	  biomass	  samples	  irradiated	  with	  
a	  dose	  of	  403	  kGy	  
	  
wood	  pulp	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Appendix	  I:	  	  Microcrystalline	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Appendix	  J:	  Switchgrass	  samples	  after	  milling	  with	  the	  FIB	  
Supplementary	   pictures	   of	   the	   internode	   stem	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   embedded	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  milled	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  K:	  Crystal	  lattices	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Appendix	  L:	  Specimen	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  from	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  M:	  Three	  dimentional	  images	  
Lignin	  at	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  kGy	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